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Abstract
Prokaryotes possess a remarkable ability to respond to environmental stressors
using simple genetic circuits that detect signals of stress and mount an appropriate
response. The SOS pathway is an example of such a genetic circuit mediating error-prone
DNA repair in response to DNA damage. Native control over the SOS pathway is
orchestrated by the repressor-protease, LexA. Following a DNA damaging event, the
damage sensor RecA activates LexA to undergo a self-cleavage reaction that results in
LexA dissociation from SOS promoters and subsequent pathway activation. However, the
inability to decouple upstream events – DNA damage and RecA activation – from LexA
cleavage by genetic means alone has limited our ability to wholly understand how the
SOS pathway contributes to repair, mutagenesis, and bacterial survival. We sought to
overcome this limitation by designing a synthetic circuit to orthogonally control SOS
activation independent of native signals. Chapter 2 describes the design of the synthetic
circuit, in which an exogenously cleavable LexA variant was engineered by embedding a
recognition site for TEV protease into the LexA flexible linker region. TEV expression
was placed under the control of the small-molecule anhydrotetracycline (ATc),
decoupling LexA cleavage from DNA damage and RecA. We show that addition of ATc
to strains harboring our synthetic circuit permits small-molecule inducible UV resistance
and inducible mutagenesis. Further, exploiting our ability to activate SOS genes
independently of upstream events, we show that SOS pathway activation alone is
insufficient for mutagenesis, but instead demonstrate the importance of a DNA damage
nidus. In Chapter 3, as our circuit newly permits temporal separation of damage and
repair, we utilize our circuit to probe the kinetics of UV-mediated cell death and the
timeframe in which repair must occur to prevent lethality. We find delaying SOS
activation results in a rapid time-dependent loss of viability and global promoter
silencing, and that the rate of irreversible lethality is energy-dependent but protein
synthesis- and replication-independent, shedding light on the potential mechanisms of

UV-mediated cell death. Finally, in Chapter 4, we outline future uses for our synthetic
circuit to dissect the roles of the SOS pathway in repair, mutagenesis, and other
phenotypes.
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ABSTRACT
A SYNTHETIC CIRCUIT FOR CONTROL OF THE BACTERIAL DNA DAMAGE
RESPONSE WITHOUT DNA DAMAGE
Jeffrey M. Kubiak
Rahul M. Kohli

Prokaryotes possess a remarkable ability to respond to environmental stressors
using simple genetic circuits that detect signals of stress and mount an appropriate
response. The SOS pathway is an example of such a genetic circuit mediating error-prone
DNA repair in response to DNA damage. Native control over the SOS pathway is
orchestrated by the repressor-protease, LexA. Following a DNA damaging event, the
damage sensor RecA activates LexA to undergo a self-cleavage reaction that results in
LexA dissociation from SOS promoters and subsequent pathway activation. However, the
inability to decouple upstream events – DNA damage and RecA activation – from LexA
cleavage by genetic means alone has limited our ability to wholly understand how the
SOS pathway contributes to repair, mutagenesis, and bacterial survival. We sought to
overcome this limitation by designing a synthetic circuit to orthogonally control SOS
activation independent of native signals. Chapter 2 describes the design of the synthetic
circuit, in which an exogenously cleavable LexA variant was engineered by embedding a
recognition site for TEV protease into the LexA flexible linker region. TEV expression
was placed under the control of the small-molecule anhydrotetracycline (ATc),
decoupling LexA cleavage from DNA damage and RecA. We show that addition of ATc
to strains harboring our synthetic circuit permits small-molecule inducible UV resistance
iv

and inducible mutagenesis. Further, exploiting our ability to activate SOS genes
independently of upstream events, we show that SOS pathway activation alone is
insufficient for mutagenesis, but instead demonstrate the importance of a DNA damage
nidus. In Chapter 3, as our circuit newly permits temporal separation of damage and
repair, we utilize our circuit to probe the kinetics of UV-mediated cell death and the
timeframe in which repair must occur to prevent lethality. We find delaying SOS
activation results in a rapid time-dependent loss of viability and global promoter
silencing, and that the rate of irreversible lethality is energy-dependent but protein
synthesis- and replication-independent, shedding light on the potential mechanisms of
UV-mediated cell death. Finally, in Chapter 4, we outline future uses for our synthetic
circuit to dissect the roles of the SOS pathway in repair, mutagenesis, and other
phenotypes.
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Chapter 1: Introduction
1.1 Prokaryotes, their environment, and genotoxic stressors
Prokaryotes, despite having genomes 1/1000th the size of humans’,1 have survived
and adapted to the most extreme environments on Earth, facing a barrage of stressors
which constantly threaten the integrity of the cell and its genome. Studying the links
between these environmental stressors and the prokaryotes’ stress response pathways
which allow them to survive in those environments may allow us to understand and
exploit these powerful mechanisms that drive adaptation and evolution.
Escherichia coli is a model Gram-negative prokaryote that has been widely
studied for over a century.2 E. coli has the capability to occupy an impressively diverse
range of environmental niches. The majority of E. coli strains have a primary habitat of
warm-blooded animals, from humans to livestock to birds, and are commensal organisms
of the GI tract which are not associated with disease.3 Of course, certain strains of E. coli
are responsible for human and animal disease, during which time pathogenic E. coli
strains may inhabit nearly all organ systems, including the GI tract, urinary tract,
cerebrospinal fluid, blood, breast tissue, and lung. 3 As part of their life cycle, E. coli are
passed between hosts through the fecal-oral route, which also requires passage of these
bacteria through an environment outside of hosts. This requires them to survive open
waterways, soil, sand, sediment, plants, and algae, where they must live until re-entering
another host; should a host not appear, then E. coli may establish a natural niche in these
environments until a new host can be acquired. 4
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Thus, E. coli must maintain the potential to thrive and adapt to a diverse
environment of disparate stressors, including pH changes, temperature fluctuations,
toxins, and limited resource or moisture availability. In order to survive these stressors,
these prokaryotes possess a wide range of stress response pathways which can detect
signals of stress and subsequently mount an appropriate response. 5 These stress response
pathways often follow the archetype of a simple genetic circuit wherein a stressor signals
a sensor protein, which then induces its associated effector to activate the stress response.
Here, I will focus on the relationship between stressor and associated stress response
pathway for one of the strongest drivers of bacterial adaptation: DNA damage.
DNA damage is a particularly dangerous stressor to which bacteria must respond.
Not only is response to DNA damage necessary to physically survive, but damage to the
genomic integrity of an organism can also hamper its ability to faithfully pass its genetic
information to the next generation. As such, the prokaryotic DNA damage response must
respond to these lesions to not only protect themselves, but also to protect their progeny.
The source and nature of the DNA damage to which a bacterium must respond varies
depending on the environment it currently occupies (Figure 1).

2

Figure 1. DNA lesions, sources of damage, and associated repair mechanisms.

Outside of hosts, solar UV radiation may cause the formation of cyclobutane
pyrimidine dimers (CPDs) and pyrimidine 6-4 pyrimidone photoproducts (6-4 PPs) and
associated Dewar isomers, which distort the helical structure of DNA.6 Reactive oxygen
species, which are commonly produced by host immune factors, 7 competing GI tract
prokaryotes,8 and intrinsic cellular metabolism,9 may lead to oxidation, alkylation, and
3

hydroxylation of bases in free nucleotide pools, leading to mis-incorporation of nonWatson Crick bases such as thymine glycol (TG) or 8-oxo-guanine (8-oxo-G). 10,11 Solar
ionizing radiation, as well as certain classes of antibiotics such as fluoroquinolones, may
lead to lethal double stranded breaks (DSBs).12,13 Bacteria must be able to appropriately
respond to these and other diverse environmental stressors in order to replicate and to
maintain the integrity of their genomes.
1.2 Cell death in the absence of repair
In the absence of repair, most forms of DNA damage are lethal to the cell.
Vegetative DNA polymerases are not capable of replication over single-stranded DNA
lesions such as CPDs or abasic sites.14 When the replisome encounters a DNA lesion, it
may be able to hop past the lesion to continue replication at a downstream site, leaving a
3’-overhang at the site of stalled damage while repair occurs. 15 Another potential
outcome, however, is a stalling of the replication fork and replication fork collapse at the
site of the lesion.16 That said, stalled replication is not itself an irreversibly lethal event. 17
It remains unclear, then, through what mechanism these DNA lesions may lead to cell
death in the absence of repair.
One proposed hypothesis is that lethality from DNA lesions may ultimately be
provoked by the formation of DSBs at sites of stalled replication forks. 18,19 There are
several proposed mechanisms by which DSBs may form from other types of DNA
lesions: First, stalled replication leaves a 3’ overhang at the site of the lesion; a
replication fork performing a subsequent round of replication can cause a DSB by
completing replication on this partially synthesized strand.20 Second, it has been shown
that DSBs form at sites of replication fork arrest; 21 it is thought that incomplete repair
4

mechanisms may form DSBs through the actions of endonucleases recruited to the
arrested replication fork. The formation of DSBs is considered a lethal event, and prior
studies have even utilized DSB formation as a proxy for the rate of DNA damage
lethality.22 While there is some capacity for cells to repair DSBs,23 it has also been shown
that a significant fraction of cells with DSBs enter a state similar to cellular senescence,
with decreased metabolic activity and an inability to make colony forming units (CFUs)
but maintaining intact membranes.19
DNA damage has also been associated with intracellular accumulation of ROS
and free radicals, which may also contribute to cell lethality in the absence of repair. 24
Not only can ROS cause further oxidative damage to DNA, but also can damage lipids
and proteins, especially those containing iron-sulfur clusters, 25 ultimately resulting in
shutdown of metabolic pathways and the electron transport chain. 26 While certain
genotoxic stressors may cause ROS formation through their primary mode of action, such
as UV light and H2O2,6,27 prior studies have further suggested that a broad array of
stressors may cause the accumulation of ROS through secondary downstream processes,
and that this may be a common mechanism of cell death for a number of classes of
antibiotics, including the DSB-inducing fluoroquinolones.28–30 These ROS are thought to
be formed by a breakdown of iron regulatory mechanisms and hyperactivation of cellular
metabolism through the ArcAB system, ultimately resulting in free radical production
through the Fenton reaction between ferrous iron and H 2O2.31–33 That said, this model has
proven controversial within the field,34 and is an area of ongoing investigation.
In recent years, a number of studies have also suggested the existence of two
distinct cell death pathways in E. coli that may be responsible for lethality: Programmed
5

Cell Death (PCD) and Apoptosis-Like Death (ALD).35,36 PCD is mediated by endogenous
toxin/antitoxin (TA) systems, most notably the mazE/mazF TA system, 37 in which
various stressors which decrease the transcriptional activity of the cell result in a change
in equilibrium between antitoxin MazE and its toxin MazF; when MazF is liberated as
MazE levels decrease, MazF acts as an endonuclease to cleave transcribed mRNAs at any
common ACA sites, thereby globally silencing transcription. Apoptosis-like death (ALD)
is another proposed cell death pathway that is thought to activate in response to DNA
damage, resulting in hallmarks of eukaryotic apoptosis including membrane
depolarization, outer membrane phosphatidyl serine exposure, and chromosomal
fragmentation.38 That said, the prevalence and activity of these two pathways is also an
area of ongoing debate.39
1.3 Mechanisms of DNA repair
Though the mechanism remains unclear, it is clear that most forms of DNA
damage eventually prove fatal to the cell if repair is not initiated. To avoid the potentially
lethal effects of DNA damage, prokaryotes have devoted significant resources and
genetic space to a diverse repertoire of repair pathways which can recognize the various
forms of damage and initiate optimal mechanisms of repair. Because DNA damage
occurs on the genetic code itself, any damage that occurs, and any attempts at repair, have
the potential to lead to mutations which can affect the fitness of the bacterium,
inextricably linking DNA damage and repair to mutation and adaptation.40 As such, the
mechanisms through which E. coli may repair its damaged genome may be broadly
classified into two categories based on their mutagenic potential: error-free and errorprone repair. Error-free repair utilizes high fidelity repair mechanisms that minimize the
6

potential for genomic mutations.41 CPDs and 6-4PPs, for example, are repaired through
the high-fidelity nucleotide excision repair (NER) pathway mediated by the UvrA, UvrB,
and UvrC proteins, in which a 12-nucleotide segment around the lesion is excised and the
resultant gap is filled using DNA polymerase I and DNA ligase using the complementary
strand as a template (Figure 1).42 Oxidized DNA bases may be excised through the base
excision repair pathway (BER), in which DNA glycosylases may break the glycosidic
bond between the damaged base and its sugar moiety, leaving abasic sites which are
readily nicked by AP endonucleases before DNA polymerase I fills the resulting gap. 43
DSBs may be repaired by homologous recombination initiated through the RecBCD
complex, in which both ends of the break are 3’-end resected prior to invading an intact
sister chromosome’s homologous DNA sequence, which is used as the template for
extension.44 All of the above mechanisms minimize mutagenesis in the genome by using
high fidelity mechanisms and sequences from complementary templates to preserve
genomic integrity.
Should error-free mechanisms of DNA repair be unable to respond to the
genotoxic stressor appropriately, error-prone repair may occur. Error-prone repair
primarily occurs through translesion synthesis (TLS) mediated by the error-prone
polymerases, which include DinB (Pol IV) and the UmuD2C-RecA-ATP complex (Pol V)
in E. coli.45 While vegetative polymerases (such as Pol III) are not able to replicate over
DNA lesions, error-prone polymerases have a wider active site and a lesion recognition
domain which allows for translesion replication.46 However, due to their wider active site
and their lack of 3’-5’ proofreading capabilities, this translesion synthesis has an error
rate 103-104 higher than that of vegetative replication.47 While most non-synonymous
7

mutations introduced are deleterious, the error-prone nature of these mechanisms has
been suggested to promote genomic plasticity in direct response to stressors, in effect
hastening evolution as an adaptive response to genotoxic stress. 48,49
1.4 Regulation of DNA repair and the SOS pathway
Both error-free and error-prone repair pathways are tightly regulated to ensure a
robust response to genomic threats. The primary regulator of activity of both error-free
and error-prone DNA repair is the SOS pathway, a canonical stress response pathway that
is conserved across nearly all Gram-positive, Gram-negative, and mycobacterial
species.50 The SOS pathway is chiefly regulated by the repressor-protease, LexA. 51 Under
unstressed conditions, LexA is tightly bound to the promoters of SOS pathway genes at
conserved sequences called SOS boxes (Figure 2).52 As LexA is typically the sole
regulator of these genes at their promoters, this binding completely represses the
expression of these genes and the subsequent SOS response. Activation of the SOS
pathway follows the archetypal simple circuit of stressor, sensor, and effector mentioned
previously. The stressor — genotoxic stress — triggers the DNA damage sensor RecA to
activate and induce within the effector, LexA, a self-cleavage reaction that causes
dissociation of LexA from the promoters of SOS genes, thereby liberating them for
transcription and activating the SOS pathway.

8

Figure 2. Mechanisms of SOS pathway activation, and associated downstream pathways.

The number and functions of SOS pathway genes vary depending on the bacterial
species and its associated environmental stressors. In some species, such as
Mycobacterium tuberculosis, there is only a single gene under the control of the SOS
pathway (the error-prone polymerase, DnaE2).53 E. coli has ~40 genes under the control
of the SOS pathway:54 these include error-free repair genes, including NER (uvrABC)
and HR (recA, recG, ruvAB), as well as the error-prone polymerase genes dinB and
umuDC. Other SOS pathway genes include those involved in cell cycle checkpoints —
such as sulA, which inhibits cell filamentation until DNA damage is adequately repaired 55
— toxin/antitoxin systems,56 and induction of prophages,57 among others.
In addition to repair phenotypes, because of the error-prone nature of repair
through the translesion polymerases, the SOS pathway is considered a pro-mutagenic
pathway, and as such has been implicated in the evolution of antibiotic resistance in
response to genotoxic stressors.49 Recent progress in the field has shown that inhibition of
the SOS pathway leads to increased sensitivity to DNA-damaging agents and a decrease
in the acquisition of antibiotic resistance in mouse models. In a neutropenic thigh model,
9

E. coli bearing a non-cleavable LexAS119A variant were unable to acquire resistance to the
antibiotic ciprofloxacin, and were readily cleared from the host. 58 In another model, mice
infected with E. coli were treated with bacteriophage overexpressing non-cleavable
LexAS119A, which acts as a dominant negative to repress the response.59 Bacteria infected
with phage had hypersensitivity to ciprofloxacin, even in strains which were previously
resistant, and the acquisition of novel resistance was suppressed. Combined, these data
strongly implicate the SOS pathway in the evolution of resistance, and provide evidence
for the SOS pathway as a potential drug target to delay the acquisition of resistance, and
to re-sensitize previously resistant strains to antibiotics. 60 Indeed, ongoing efforts within
our lab, in partnership with the pharmaceutical company GlaxoSmithKline, aim to
discover small molecule inhibitors of SOS pathway activation to combat the acquisition
of resistance.
In addition to its roles in DNA repair and mutagenesis, the SOS pathway is
implicated in other important bacterial functions related to the ability to survive
environmental stressors. The SOS pathway has been linked to stress-induced biofilm
formation in many species, which is associated with increased antibiotic resistance and
protection against host immune factors.61 Toxin/Antitoxin systems are also upregulated
by the SOS response and may be able to destroy other species of bacteria which are
competing for the same niche by releasing their own toxin systems and natural
antibiotics.56 The SOS pathway has been linked to persister formation, a cellular state of
dormancy which is associated with decreased susceptibility to antibiotics and other
stressors.62 As a last example, the SOS response may activate integrons, mobile genetic
elements which may allow horizontal dissemination of genes associated with resistance
10

to nearby bacteria to further enable survival of the population.63,64 Thus, the DNA
damage response is far more intricate than a simple DNA repair pathway – it is a
complex array of genes adapted to respond to any natural stressors which the bacterium
may face. Because of the SOS pathway’s vital roles in DNA repair, mutagenesis, and
other phenotypes, it is critical to understand the specific mechanisms of SOS pathway
regulation.
1.5 Mechanisms of RecA activation, LexA cleavage, and SOS pathway induction
Prokaryotes must be able to sense and respond to a wide variety of environmental
genotoxic stressors through one common genetic circuit. As such, activation of the SOS
pathway and subsequent repair must occur via a common mechanism for all forms of
genotoxic stress which the bacterium may encounter, and this common mechanism is the
exposure of single-stranded DNA (ssDNA), the substrate for the DNA damage sensor
RecA.65 Unrepaired single-stranded DNA lesions, such as CPDs and abasic sites, stall
replication forks and prevent replisome translocation. As replisomes stall behind
unwound DNA produced by DNA helicase, or as replisomes may hop forward past a
DNA lesion, single-stranded DNA is exposed.65,66 An early step in DSB repair is 3’ end
resection of both strands, also exposing ssDNA in the process.20 The production of
ssDNA from these disparate lesions and mechanisms is recognized by RecA. RecA,
while monomeric in solution, filaments along ssDNA into its active form, called RecA*,
forming a tight helix around the exposed ssDNA.67
RecA* signals to activate the SOS pathway by functioning as a co-enzyme for
cleavage of the master SOS regulator, LexA.68 LexA is a homodimeric protein, with each
monomer comprised of two highly conserved functional domains connected by a poorly11

conserved short, flexible linker.52,69 The conserved N-terminal domain (NTD) is
composed of a basic helix-loop-helix DNA binding domain which makes specific base
contacts at conserved palindromic 20-nt sequences known as SOS boxes. Monomeric
LexA binds with a ~750-fold decrease in the binding efficiency of the homodimer, and as
such LexA is almost always bound as a homodimer.70 The conserved LexA C-terminal
domain (CTD) is the site of the major dimerization interface and also includes the
catalytic auto-proteolysis site. Auto-proteolysis occurs through a serine-lysine dyad
which cleaves an Ala-Gly bond within the CTD.71 This Ala-Gly bond exists on a
cleavage loop which adopts two different conformations depending on whether LexA has
been primed for auto-proteolysis by its co-enzyme, RecA.72 While typically in a
cleavage-incompetent conformation, binding of LexA to filamentous RecA* induces the
flexible loop to swing into a cleavage-competent conformation positioning it close to the
serine-lysine dyad.72 The resulting auto-proteolysis liberates the CTD from the NTD of
the protein, resulting in a loss of NTD dimerization. Thus, cleaved LexA can no longer
bind to SOS boxes, resulting in dissociation of LexA from SOS promoters and liberation
of the SOS genes for transcription.
1.6 The Chronology of the SOS Pathway
Following LexA cleavage, activation of the SOS pathway proceeds in a highly
organized chronological order that generally proceeds from error-free to error-prone
repair.54 It has been suggested that it is advantageous to activate error-free repair prior to
error-prone repair as a way of minimizing the potential for deleterious mutations under
less severe genotoxic stress, while reserving the lower fidelity error-prone repair for
damage so extensive that it requires this repair even at the expense of genomic integrity
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(though simultaneously allowing the potential for adaptability).73 “Early” SOS pathway
genes, including those involved in error-free repair like uvrA, may reach peak activity at
their promoters within 5-10 minutes of genotoxic stress. 54 “Late” SOS pathway genes,
which include the error-prone translesion polymerases dinB and umuDC, may take up to
60 minutes to reach peak promoter activity, thereby keeping error-prone responses
suppressed until error-free repair mechanisms have activated and attempted repair.
As LexA is typically the sole regulator at these promoters, the chronology of SOS
pathway activation occurs through interactions between LexA and SOS promoters.
Variations in the binding affinity, location, and number of SOS boxes may influence the
timing and magnitude of expression at each locus. 74 The majority of LexA in cells is not
bound to SOS boxes, but rather is either free in solution or non-specifically bound to
DNA.65 As such, it is believed that LexA is cleaved while unbound from DNA, and that
DNA binding is inhibitory for the RecA*-mediated auto-proteolysis reaction. 74 In that
case, it is not direct cleavage of LexA on SOS boxes that leads to SOS activation, but
rather that alterations in the equilibrium between bound and unbound LexA results in a
net drive of LexA to dissociate from SOS boxes at a rate which dictates the chronology of
expression. Previous unpublished work in our lab has found that the rate at which LexA
dissociates from SOS boxes of different promoters strongly correlates with the timing of
those promoter activities, providing a mechanistic basis for SOS pathway chronology.
The timing and magnitude of SOS pathway gene expression is critical for an
appropriate response to DNA damage. Complete dysregulation of the SOS pathway,
either through deletion of lexA or constitutive activation of RecA, results in
overexpression of all SOS pathway genes. However, these strains cannot appropriately
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respond to DNA damage and have drastically reduced fitness under genotoxic stress
despite constitutive activation of repair proteins, suggesting that regulation of either
repair protein timing or magnitude of expression is important to mount an appropriate
response.75 Further, sequence alterations to the LexA cleavage loop which either increase
or decrease the rate of cleavage can lead to a hypoactive or hyperactive SOS response,
both of which have decreased survival from genotoxic stressors compared to strains
bearing the wild-type protein, suggesting that the native SOS pathway is fine-tuned to
appropriately regulate the magnitude and timing of gene expression.72,75 Thus, precise
regulation of the DNA repair pathways is highly important for prokaryotes to respond to
environmental DNA damaging stressors.
These studies further suggest that there is an optimal time frame in which repair
must occur to prevent cell death. However, as DNA damage and the damage response are
typically tightly linked processes in time, the factors influencing the kinetics of DNAdamage induced cell death, and the time frame in which repair must occur to sufficiently
repair damage, have never been fully elucidated. Indeed, an aim of this thesis is to design
a synthetic genetic circuit through which DNA damage may be temporally separated
from SOS activation, to further elucidate the kinetic requirements of SOS activity and the
importance of a rapid response to DNA damage.
1.7 Non-SOS responses to DNA damage
Notably, the SOS pathway is not the sole pathway that activates in response to
DNA damage, but rather there are a number of alternative stress pathways that are also
triggered. The General Stress Response pathway, mediated by the alternative sigma
factor RpoS, is typically activated during the transition to stationary phase or during
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nutrient starvation, but is also known to activate in response to genotoxic stress and may
alter the transcription of up to 1/3 of the bacterial genome.76 The Stringent Response,
another starvation response pathway triggered by accumulation of the alarmone ppGpp
during energy starvation, modulates activity of RNA polymerase to interfere with
transcription and translation.77 The Adaptive Response can activate in response to
alkylated bases and can initiate repair independent of SOS pathway genes. 78 As a last
example, the Oxidative Stress Response, activated through OxyR and SoxR, can detect
and repair oxidative damage in DNA, proteins, and lipid membranes. 79 Thus, the SOS
pathway is not the sole responder to DNA damage, but rather is co-activated with a
number of other pathways.

Figure 3. The DNA damage response beyond the SOS pathway. A number of non-SOS pathways
activate in response to genotoxic stressors. Further, filamentous RecA* participates in several cellular
functions beyond acting as a LexA cleavage co-factor.
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Indeed, these alternative pathways can further interact with SOS pathway genes
and their promoters during the broader genotoxic stress response. For example, the
general stress response effector, RpoS, upregulates expression of the error-prone
polymerase, DinB.80 Activation of the stringent response upregulates expression of LexA,
RecA, and the Pol V component UmuD.81 The adaptive response regulator Ada can alter
expression profiles of SOS pathway genes, including RecA and SulA. 82 These complex
interactions can confound our understanding of protein activities and which phenotypes
may be attributed to the activity of any pathway acting in isolation, as repair and
mutagenesis may both be modulated by these interactions in incompletely understood
ways. For example, it is unclear how much of the mutagenesis that occurs following
DNA damage is a direct result of SOS pathway activity, versus activity of the other nonSOS DNA damage responses, confounding our ability to study activity of the SOS
pathway in isolation.
Further complicating the study of SOS-specific phenotypes is that the activated
RecA* nucleoprotein filament has alternative functions outside of its activites as a coprotease of LexA cleavage. RecA* is known to induce auto-cleavage of at least three
other proteins structurally similar to LexA – the phage lambda repressor, which induces
the phase lysis/lysogeny switch, the error-prone polymerase component, UmuD, and the
integron mobile genetic element regulatory protein, SetR. 64,83,84 Not only does RecA*
induce UmuD to cleave into its active form, but the active PolV holoenzyme complex
also receives a monomer of RecA from filamentous RecA* to function as a co-factor. 85 In
addition to its activities as a co-protease and in the Pol V complex, RecA* is also
required for strand exchange during homologous recombination together with the
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RecFOR complex.86 RecA may also interact with certain SOS pathway proteins,
including DinB, to modulate their activity.87
Thus, RecA also acts beyond a simple damage sensor in SOS pathway activation,
and has alternative SOS-dependent and SOS-independent functions. This complication,
coupled with the non-SOS stress responses that occur following genotoxic stress,
confounds our ability to study SOS-specific phenotypes. Thus, a standing challenge in the
field has been to determine which phenotypes seen in the genotoxic stress response are
specifically attributable to SOS pathway activity versus alternative pathways.
Classical genetic methods have previously been used to separate the roles of SOS
pathway activation from DNA damage, activated RecA, and those alternative pathways,
but these approaches all carry significant limitations. For example, deletion of lexA, as
well as strains with a constitutively active recA730 allele, can activate a hypermutable
state.88 However, unregulated overexpression of SOS effector genes obscures their role
during induction at physiological levels.89 Furthermore, constitutively active mutants lose
the chronology of SOS activity, and given the importance of timing in functions of the
SOS pathway, these mutants have significant survival defects. A heat-labile lexA41 allele
offers an alternative model for controlled SOS pathway activation, as the lexA41 protein
product degrades upon shifting to 42° C.90 However, in addition to the necessity of the
added stressor of heat shock, this mutant LexA has numerous defects, including altered
degradation kinetics and an inability to bind to certain SOS promoters, leading to an
incomplete split-phenotype SOS activation.
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We aim to overcome these limitations by designing a synthetic circuit which may
activate the entirety of the SOS pathway orthogonally to native pathways, allowing us to
study isolated outcomes of SOS pathway activation.
1.8 Synthetic Biology and Genetic Circuits
Synthetic biology has been a rapidly growing field of biology concerned with
appropriating natural metabolic pathways to form novel products not found in nature, or
to re-engineer the regulation of these pathways for orthogonally inducible control. 91 Of
particular interest is the concept of synthetic genetic circuits – reprogramming the control
of natural pathways to be able to activate them using common laboratory reagents
orthogonally to their native input, often using non-toxic small molecules. One of the first
examples of such a synthetic circuit was the genetic toggle switch, an orthogonal
recreation of the bistable phage lambda lysis/lysogeny switch.92 In this switch, the native
promoters of the lysis/lysogeny switch were replaced with promoters which activate in
response to the exogenous triggers of heat and IPTG. In doing so, this team could
recreate activity of the natural switch by simply applying one of the two triggers, moving
this natural phenotype under non-natural control. The modular design of synthetic circuits
means that not only can natural pathways be moved under synthetic control, but also that
the natural pathways may be replaced with other genes of interest – for instance, the
lysis/lysogeny switch can be replaced with fluorescent reporter of activity, or can be used
to activate any other desired phenotype in the cell: to trigger cell death, biofilm
formation, or other processes.
Genetic circuit design is therefore a powerful research tool in the study of
prokaryotes. Certain groups have even gone so far as to design an entire programming
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language built by genetic circuits, turning the prokaryotes into mini-processors capable of
processing complex information.93 More basically, these circuits are being used to
introduce novel functions to prokaryotes, and to study the isolated functions of a pathway
without native control. In the case of the genotoxic stress responses, a synthetic circuit
provides an ideal method to separate activation of the SOS pathway from the alternative
pathways that activate in response to DNA damage. Furthermore, a synthetic circuit
would allow temporal separation of DNA damage from its associated damage response,
allowing study into the kinetics of DNA damage-induced cell death.
1.9 Thesis Objectives
Separating DNA damage from activation of the SOS pathway may provide a
powerful means to study the complex interplays between this environmental stressor and
its associated stress response. In this body of work, we will describe the design of a
synthetic circuit through which the DNA damage response can be activated orthogonally
to DNA damage using a small non-toxic molecule, and apply this circuit to probe the
biology of the SOS pathway. In Chapter 2, we show the construction and validation of
the synthetic circuit, demonstrating that we may achieve small molecule inducible DNA
repair and mutagenesis through this circuit. We further utilize this synthetic circuit to
determine the molecular requirements for mutagenesis that occurs during error-prone
repair, and demonstrate the importance of a DNA damaged nidus in the acquisition of
mutations through the SOS pathway. In Chapter 3, we utilize the synthetic circuit to
separate the timing of DNA damage from the activation of the SOS pathway. In doing so,
we determine the kinetics of UV-induced cell death and elucidate the time frame in which
repair must occur for viable repair. Finally, in Chapter 4 we will outline our future
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directions for further uses of our synthetic circuit, to demonstrate the broad utility of its
design to study prokaryotic responses to genotoxic stress. Altogether, our study provides
a novel synthetic biology tool for the study of DNA damage, which we can use to deepen
our understanding of the mechanisms through which prokaryotes may respond and adapt
to this important environmental stressor.
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Chapter 2: A small-molecule inducible synthetic circuit for control of the SOS gene
network without DNA damage
The contents of this chapter have been published:
Kubiak, J. M., Culyba, M. J., Liu, M. Y., Mo, C. Y., Goulian, M., and Kohli, R. M.
(2017) A Small-Molecule Inducible Synthetic Circuit for Control of the SOS Gene
Network without DNA Damage. ACS Synth. Biol. acssynbio.7b00108.
2.1 Abstract
The bacterial SOS stress-response pathway is a pro-mutagenic DNA repair system
that mediates bacterial survival and adaptation to genotoxic stressors, including
antibiotics and UV light. The SOS pathway is composed of a network of genes under the
control of the transcriptional repressor, LexA. Activation of the pathway involves linked
but distinct events: an initial DNA damage event leads to activation of RecA, which
promotes auto-proteolysis of LexA, abrogating its repressor function and leading to
induction of the SOS gene network. These linked events can each independently
contribute to DNA repair and mutagenesis, making it difficult to separate the
contributions of the different events to observed phenotypes. We therefore devised a
novel synthetic circuit to unlink these events and permit induction of the SOS gene
network in the absence of DNA damage or RecA activation via orthogonal cleavage of
LexA. Strains engineered with the synthetic SOS circuit demonstrate small-molecule
inducible expression of SOS genes as well as the associated resistance to UV light.
Exploiting our ability to activate SOS genes independently of upstream events, we further
demonstrate that the majority of SOS-mediated mutagenesis on the chromosome does not
readily occur with orthogonal pathway induction alone, but instead requires DNA
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damage. More generally, our approach provides an exemplar for using synthetic circuit
design to separate an environmental stressor from its associated stress-response pathway.
2.2 Introduction
Prokaryotes are capable of dynamically responding to a diverse range of
environmental stressors. This ability is often mediated by genetic circuits that can detect
signals of stress and subsequently mount an appropriate response. The SOS pathway is a
canonical example of such a stress-response pathway, mediating survival from genotoxic
stress. The pathway is under the control of a single transcriptional regulator, LexA
(Figure 4A).94 In the absence of stress, LexA binds to the promoters of SOS pathway
genes to repress the response. In E. coli, as many as forty genes are regulated by LexA,
with binding dictated by conserved SOS boxes that vary in strength and location relative
to the promoters of SOS genes.95 In the event of DNA damage, single stranded DNA
(ssDNA) accumulates at stalled replication forks or double stranded DNA breaks and
serves as the template for filamentation of the DNA damage sensor protein, RecA. 96 This
activated RecA nucleoprotein filament (RecA*), in turn, triggers the self-cleavage (autoproteolysis) of LexA.71 Cleaved LexA is no longer able to bind DNA, and the resulting
derepression results in an orderly progression of SOS gene transcription based on the
affinity of LexA for each respective SOS box.97 The resulting cascade of genes expressed
largely function to repair damaged DNA, but several, such as translesion DNA
polymerases, are also associated with accelerated mutagenesis. 54 The SOS pathway has
more recently been implicated in antibiotic tolerance and acquired resistance, sparking a
renewed interest in understanding and manipulating its effects on evolutionary
adaptation.24,50,58–60
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Given its prominent role in both DNA repair and mutagenesis, the SOS pathway
has been an area of intense interest for decades; however, a standing challenge in the field
has been separating the roles of the upstream inciting events from those of the
downstream induced SOS pathway genes. Separating the events preceding the SOS
response is important because SOS pathway activation, as noted above, results from three
linked but distinct events – DNA damage, RecA* activation, and LexA cleavage – and
each of these processes plays discrete roles in the observed phenotypes. DNA damage,
for example, can directly contribute to mutagenesis independent of SOS activation, and
can also activate the general stress response pathway through RpoS and RpoE. 76,98 RecA*
has additional functions beyond mediating LexA cleavage: RecA* participates in
homologous recombination, activates mobile genetic elements including prophage
induction, and modulates the activity of error-prone polymerases, including serving as
one component of the active DNA polymerase V complex.85,87,99–102 As the last link in
these integrated processes, LexA cleavage is ultimately responsible for the induction of
SOS pathway genes.
Prior studies have employed classical genetic approaches to address the challenge
of studying the biology of the SOS pathway independent of DNA damage and activated
RecA, but each approach carries limitations. Deletion of lexA, for example, activates a
constitutive hypermutable state;75,88 however, unregulated overexpression of SOS
effector genes obscures their role when induced at physiological levels. Similar findings
and limitations are associated with a strain harboring recA730, an allele which
constitutively generates RecA*.75,89,103 A heat-labile lexA41 allele, whose protein product
degrades upon shifting to 42o C, offers an alternative means to induce the SOS pathway
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in the absence of DNA damage; however, in addition to the added stressor of heat shock,
this mutant LexA has numerous defects, including altered degradation kinetics and an
inability to bind to certain SOS promoters, leading to an incomplete split-phenotype SOS
activation.90 Introducing an undamaged F’ plasmid or phage genome into a UV-irradiated
cell has also been used as an alternative means of separating SOS-associated mutagenesis
from DNA damage. These studies suggest that targeted mutagenesis to damaged genomes
exceeds untargeted mutagenesis; however, replication dynamics are likely different for
exogenously introduced DNA than for the host genome.104,105
Given the importance of separating the upstream signals from the downstream
SOS gene induction events, as well as the limitations of classical approaches, we
considered whether modern synthetic biology approaches could be applied. 92,106
Envisioning the SOS pathway as a genetic circuit allowed us to conceive of an alternative
circuit design, whereby the SOS response in E. coli could be induced without a
requirement for DNA damage or RecA activation. We manipulated a variable region in
LexA to introduce a new recognition site for tobacco etch virus protease (TEV), allowing
us to control LexA cleavage by modulating expression of TEV with a non-toxic small
molecule (Figure 4A). After validating our design biochemically, we demonstrated that
bacterial strains harboring the synthetic circuit recapitulate the UV resistance phenotype
of the native circuit. Furthermore, with the ability to now orthogonally investigate DNA
damage, RecA activation, and LexA cleavage, we applied our synthetic circuit to
demonstrate the importance of DNA damage for accelerating SOS-mediated mutagenesis.
Our work offers a novel application of synthetic biology to separate a stressor from its
associated stress-response pathway.
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2.3 Results and Discussion
2.3.1 Design of a LexA variant capable of orthogonal regulation.
To obtain orthogonal control over the SOS pathway, we envisioned engineering
an E. coli LexA variant that could be rendered dysfunctional inside the cell, not by selfcleavage but by an alternative protease. Our design began with an examination of the
LexA sequence conservation across more than 400 different species (Figure S1). LexA is
a homodimer consisting of an N-terminal DNA binding domain (NTD) and a C-terminal
serine protease domain (CTD) connected by a flexible linker (Figure 4B). Although the
functional NTD and CTD are generally well-conserved across prokaryotes, we noted that
the linker region is highly divergent, spanning from its shortest length of 5 amino acids in
E. coli up to 50 amino acids in some species. This natural diversity in length and
sequence led us to hypothesize that the short linker in E. coli could tolerate modification
and provide a locus for introducing an exogenous protease cleavage site without
significantly perturbing the function of the NTD and CTD.
Reasoning that a longer linker could increase accessibility for an exogenous
protease, we replaced the linker from E. coli with the 24 amino acid linker from M.
tuberculosis. Within this scaffold, we then centrally embedded the optimized recognition
site for TEV (Figure 4B).107 We expressed and purified this engineered LexA variant,
hereafter called LexAtev. To abolish LexA self-cleavage, we also made a corresponding
S119A mutant, inactivating the catalytic active-site serine (LexA tev S119A).108 This variant
could potentially be activated by the synthetic, but not the native, circuit. With native
LexA (LexAWT) and the protease-inactive S119A variant (LexAS119A), these four variants
thus covered the full range of RecA*-induced and/or TEV-cleavable systems (Figure 4C).
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Figure 4. Schematic of engineered synthetic circuit. (a) In the native circuit (top), SOS genes are
turned on after DNA damage activates filamentation of RecA, which induces LexA to undergo selfcleavage within its CTD. In the synthetic circuit design (bottom), the non-toxic small molecule
anhydrotetracycline (ATc) induces expression of TEV protease, which instead cleaves LexA at a site
introduced into its flexible linker. (b) Crystal structure of LexA protein bound to operator DNA adapted
from PDB 3JS0.52 The unstructured linker region is highlighted, with partial sequence alignment of
LexA from E. coli and M. tuberculosis, along with the engineered linker sequence of LexAtev
containing the TEV recognition site. (c) Representation of four LexA variants examined in this study.
The variants represent all combinations of RecA*- and/or TEV-mediated cleavage.

Our alteration to the LexA linker would ideally be non-perturbing to NTD and
CTD function, while permitting TEV cleavage. To compare our novel LexA tev and
LexAtev

S119A

proteins with their native-linker counterparts, we began by quantitatively

comparing their DNA binding and protease functions. Using an electrophoretic mobility
shift assay (EMSA) for DNA binding activity, we found that association of LexA tev with
SOS operator DNA was comparable to that of LexAWT (Kd 65 ± 21 and 47 ± 15 nM,
respectively), and similar results were noted for the S119A variants (Table 1, Figure
S2A). The DNA-binding of LexAtev was specific to SOS operator DNA, as the affinity
was similar in the presence of a large excess of non-specific DNA and no binding was
observed to a scrambled operator duplex (Figure S2B). To evaluate self-cleavage activity,
the proteins were incubated with activated RecA* and cleavage products were analyzed
(Figure 5A). As anticipated, both LexAS119A and LexAtev

S119A

were unreacted, while

LexAWT and LexAtev were both proficient in RecA*-stimulated self-cleavage. Both of the
RecA*-cleavable proteins behaved similar to one another in the presence of either SOS
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operator DNA or scrambled DNA (Figure S3). LexA can also undergo an efficient
RecA*-independent, Ser119-mediated, self-cleavage reaction when exposed to high pH
in vitro, and this reaction can be readily quantified by fitting the reaction progress curve
to a first-order kinetic model (Table 1, Figure S4).72,83 Under these conditions, we found
that LexAWT and LexAtev cleaved with similar efficiencies (0.014 ± 0.003 and 0.019 ±
0.003 min-1, respectively), while LexAS119A and LexAtev

S119A

showed no demonstrable

cleavage at any time point observed, as expected. Equally important for our synthetic
circuit design, we found that, when incubated with purified TEV, both LexA tev and
LexAtev S119A were readily cleaved in vitro, while LexAWT and LexAS119A remained intact
(Figure 5B). TEV-mediated cleavage was not affected by the presence of DNA
containing either an SOS operator box or a scrambled SOS operator sequence (Figure
S3). These results together confirmed our hypothesis that altering the linker, which has
previously been subjected only to limited investigation109, can add new functionality
while preserving native characteristics. Our results suggest that this linker could provide
a locus for exploring other alterations in the future.
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Figure 5. Biochemical validation of LexA cleavage by native or synthetic circuits. (a) Purified
LexA proteins were incubated with or without activated RecA* and visualized by SDS-PAGE. The
cleavage of LexAtev generates two fragments that are nearly identical in size and not resolved on this
gel. (b) Analogous incubations with TEV were carried out and resolved by SDS-PAGE.

Table 1. Biochemical characterization of purified LexA variants. The reported values are the
binding constants of LexA with operator DNA and the rates of alkaline-induced self-cleavage. Values
are the mean ± SD from at least 3 independent experiments. N.D., not detected.

lexA variant

Kd (nM)

k (min-1)

lexAWT

47 ± 15

.019 ± .003

lexAS119A

43 ± 17

N.D.

lexAtev

65 ± 21

.014 ± .003

lexAtev S119A

37 ± 9

N.D.
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2.3.2 Construction of synthetic circuit inside cells.
To advance our synthetic circuit strategy into cells, we engineered our LexA
variants into the native lexA locus by scarless recombineering (Table S1).110 The parent
strain for the majority of our studies was E. coli MG1655 sulA (hereafter lexAWT), as
recombineering at the lexA locus requires a transient lexA state and the lexA sulA+
strain is non-viable. In this background, the lexA locus was replaced with a cassette
containing chloramphenicol resistance and an I-SceI cut site for efficient scarless
recombineering. Subsequent replacement of this locus with lexAS119A serves as an SOSoff strain, unable to self-cleave and therefore constitutively repressed. 75 Two analogous
strains were generated: one encoding our synthetic LexA variant that is also proficient in
self-cleavage (lexAtev) and a second that harbors both the variant linker and the S119A
mutation (lexAtev S119A), which should render LexA only capable of orthogonal activation
by TEV. Notably, once the lexA locus has been replaced in the recombineering process,
sulA can potentially be reintroduced. While some prior studies have shown that deletion
of sulA does not significantly alter SOS survival phenotypes,75 to address the possible
influence of sulA deletion in our synthetic circuit strain, we also restored sulA in the
lexAtev S119A strain (called lexA tev S119A sulA+).
We completed the design of our synthetic circuit by introducing TEV into the
cells. To control TEV expression, we placed the gene on a medium-copy plasmid under
the control of the anhydrotetracycline (ATc)-inducible tetA promoter, along with a copy
of its associated tetR repressor gene. To help minimize any effects from leaky TEV
expression under uninduced conditions, we also added a ssrA degron tag to the Cterminus of TEV.111
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With strains harboring both the chromosomal lexA variants and inducible TEV
plasmid, we first wanted to examine whether native circuit functions were retained in the
expected manners; specifically, if LexAtev could bind and repress SOS promoters in
unstressed cells, and if the strains with preserved CTD protease activity could undergo
SOS induction in response to DNA damage. To monitor de-repression of the SOS gene
network, we employed a GFP reporter plasmid under the control of the recA promoter
(PrecA-GFP); for consistency, all cell-based assays were performed in the presence of both
this plasmid as well as the TEV-expression plasmid.112 Mid-log cultures were either left
untreated or irradiated with UV light (50 J/m2), and GFP fluorescence was monitored
after one hour by flow cytometry (Figure 6A). In the absence of UV exposure, lexAtev and
lexAtev

S119A

strains had low baseline GFP expression, similar to that of lexAWT and

lexAS119A. In response to UV light, however, lexAtev and lexAWT strains demonstrated a ~1log shift in mean fluorescence intensity compared to the undamaged controls, while
lexAS119A and lexAtev S119A strains showed no DNA damage-associated GFP expression. To
examine a wider range of SOS-controlled genes, we repeated these experiments with
reporters containing three additional promoters representing a range of induction kinetics:
PrecN-GFP, PlexA-GFP, and PsulA-GFP. Similarly to PrecA-GFP, these three reporter
plasmids demonstrate a rightward shift in mean fluorescence intensity compared to
controls in the lexAWT and lexAtev strains, while there was no GFP expression associated
with DNA damage in the lexAS119A and lexAtev S119A strains (Figure S5). These results have
two implications. First, given the low baseline fluorescence intensity in unstressed cells,
both LexAtev and LexAtev

S119A

bind to SOS operator DNA in cells and suppress

expression comparably to LexAWT. Second, similar levels of GFP expression with
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LexAtev and LexAWT upon irradiation confirms that the native SOS pathway is preserved
in those strains.

Figure 6. Induction of native and synthetic SOS circuits in vivo. Strains engineered at the
native lexA locus and containing an ATc-inducible TEV expression plasmid were evaluated for
GFP expression from an SOS reporter plasmid one hour after exposure to (a) UV damage or (b)
ATc. Representative histograms show single-cell GFP fluorescence profiles for unexposed (light
gray) or exposed cells (dark gray and orange).
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After confirming the preserved function of the native circuit, we next evaluated
the function of the synthetic circuit. Using the lexAtev S119A strain, we initially examined
expression of TEV and cleavage of LexAtev S119A by Western blotting. Steady state levels
of this LexA variant were comparable to those in the lexAWT strain (Figure S6A). We
added a range of concentrations of ATc to a mid-log culture of lexAtev S119A and analyzed
TEV and LexA levels after 10 and 60 minutes (Figure S6B). TEV was undetectable at
baseline, and sustained expression starting within 10 minutes could be observed at or
above 0.02 µg/mL. Concurrently, under these conditions full-length LexA tev becomes
undetectable within 10 minutes, which is in the time range observed with native circuit
activation by UV light.65 Notably, no LexA cleavage products were detected by Western
blot, suggesting rapid degradation after cleavage, analogous to that observed when native
LexA self-cleaves.113 Given that we observed a mild growth deficit at ATc doses at or
above 0.2 g/mL, we chose to use a standard concentration of 0.02 g/mL ATc for initial
studies on our synthetic circuit. However, these data suggest the potential for a titratable
response with further refinement. Together, these data support that TEV can be activated
rapidly following ATc addition and that TEV can cleave engineered LexA tev and promote
its depletion.
We proceeded to ask whether the PrecA-GFP SOS reporter could be activated
through our novel ATc-inducible circuit. Analogous to the experimental setup with UVmediated induction, mid-log cultures either remained untreated or were induced with 0.02
g/mL ATc, and GFP fluorescence was monitored (Figure 6B). At one hour after ATc
addition, lexAtev and lexAtev S119A strains showed a ~0.7-log increase in mean fluorescence
intensity, while lexAWT and lexAS119A strains demonstrated no change in fluorescence.

32

The expanded series of reporters likewise showed an ATc-dependent increase in GFP
fluorescence from PrecN-GFP, PlexA-GFP and PsulA-GFP in our lexAtev and lexAtev

S119A

strains, indicative of broad pathway activation across a range of LexA-controlled
promoters (Figure S5). To correlate our GFP fluorescence at 0.02 µg/mL ATc with a
quantifiable UV dose, we compared the extent of GFP expression through the synthetic
circuit to that of the native circuit across a range of UV doses (Figure S5). The degree of
SOS activation most closely correlated to that seen with ~5 J/m 2 UV light. We attributed
this degree of SOS activation to several factors, including the rate of TEV synthesis after
ATc addition or the cleavage rate of TEV protease versus that of LexA self-cleavage.
Taken together, the above results show that our synthetic circuit design achieved the
desired aims. The lexAtev strain offers us two ways to activate the SOS response:
orthogonally, by adding ATc, or natively, by inducing DNA damage. Uniquely, the
lexAtev

S119A

strain can only activate the SOS response by orthogonal means, thus

bypassing the requirement for DNA damage and RecA*.
2.3.3 Small-molecule inducible UV resistance.
Having demonstrated ATc-inducible activation of several SOS reporter genes, we
next asked whether our synthetic circuit could recapitulate the global phenotypes
normally associated with SOS gene network activation. We chose first to test our strains
in the classic model of survival and DNA repair after UV damage. The strains were
streaked across LB agar plates in the presence or absence of ATc and were subsequently
exposed to a gradient of UV light from 0-120 J/m 2. In the absence of ATc, the strains
with intact native activation pathways, lexAWT and lexAtev, survived UV doses up to ~100
J/m2 (Figure 7A). By contrast, lexAS119A and lexAtev S119A were largely unable to survive
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doses above 10-20 J/m2. With lexAtev S119A, we observed rare colonies that could tolerate
higher doses of UV irradiation, which could represent sporadic leaky expression of TEV.
In the presence of ATc, these patterns for survival remain unchanged for lexAWT,
lexAS119A, and lexAtev. However, as predicted by our circuit design, in the presence of
ATc, lexAtev S119A shows a >5-fold increase in the tolerated UV dose, demonstrating our
desired small-molecule inducible UV resistance pattern.

Figure 7. Survival in response to UV damage. (a) Strains were streaked across LB agar without ATc
(top) or with 0.02 g/mL ATc (bottom). The plates were exposed to a gradient of UV light from 0-120
J/m2 and plates were imaged after 24 hours. (b) Survival curves for mid-log cultures of engineered
strains following UV light exposure. Viable colony forming units were determined under each
condition and the fraction survival was determined relative to the unexposed cells. Error bars represent
SEM from at least 4 independent determinations.
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To further quantify UV resistance, we next examined survival curves across a
range of UV doses (Figure 7B). A mid-log phase culture was split into media containing
ATc or no ATc and then immediately irradiated. Serial dilutions were plated onto LB
agar, and viable cells were counted after overnight incubation. Relative to lexAWT where
the native SOS pathway is intact, lexAS119A showed enhanced killing by ~2-3 log across
UV doses. In the absence of ATc, the lexAtev S119A strain followed a similar survival curve
to lexAS119A. In the presence of ATc, however, lexAtev S119A showed a significant ~1.5-2 log
increase in the surviving fraction across all UV doses. We also repeated the survival
curve analysis with lexAtev

S119A

sulA+ and found similar levels of small-molecule

inducible UV-resistance in comparison to lexAtev S119A strain (Figure S7A). As with the
PrecA-GFP reporter studies, the synthetic circuit does not fully achieve the functional
levels seen in the lexAWT strain. It is possible that because our synthetic circuit best
mimics a UV dose of 5 J/m2, mild suppression of the response compared to the lexAWT
strain accounts for the incomplete rescue. Nonetheless, these data support the
functionality of SOS-mediated DNA repair and survival following activation of the
synthetic circuit. While prior studies have successfully designed gene circuits controlling
individual or small groups of genes,92 our study offers a novel example of small-molecule
control over an entire stress response gene network in bacteria.
2.3.4 Small-molecule inducible mutagenesis through the synthetic circuit.
Turning our attention to another hallmark of the SOS response, we assessed
mutagenesis by utilizing a rifampin resistance assay. As resistance to the antibiotic
rifampin is acquired through any one of a number of specific point mutations in the rpoB
chromosomal gene locus, this assay has been classically used as a reliable proxy for the
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overall mutation frequency across the genome.114 We focused our analysis on lexAWT,
which can only activate the SOS pathway through the native circuit, and lexAtev

S119A

,

which can only activate through the synthetic circuit. Mid-log phase cultures were split
into media with or without ATc. The cultures were then immediately damaged with
increasing doses of UV light, and serial dilutions were plated after one hour. The total
population size without UV damage was determined after overnight growth on plates
with non-selective media, and the number of rifampin-resistant colonies was counted
after 48 hrs of growth on media containing selective levels of rifampin.
The lexAWT strain demonstrated a low baseline and a UV dose-dependent increase
in the number of rifampin-resistant mutants relative to the starting population (Figure
8A). In the lexAtev S119A strain, in the absence of ATc the frequency of resistant mutants
remained low, in part due to the potent killing of the strain by UV light, with growth not
detected above 20-30 J/m2. However, when the lexAtev S119A strain was treated with ATc
concurrently with UV damage, mutagenesis was largely restored to levels seen with
lexAWT, and showed a similar dose-dependence. As with DNA repair, minor differences
can be observed between the lexAtev S119A and lexAWT strains, particularly at the highest
dose. Most of this can be accounted for by the small decrease in survival of the lexAtev
S119A

strain compared to the lexAWT strain; indeed, when the number of resistant mutants

was normalized to overall cell viability after irradiation, the lexAtev S119A/ATc+ condition
gives a mutation frequency per viable cell that is even higher than that of the lexAWT
strain (Table S2). As with our UV survival experiments, we evaluated the impact of sulA
on the function of our synthetic circuit and once again observed >1-log increase in ATcinducible mutagenesis in the lexAtev S119A sulA+ strain (Figure S7B), similar to the levels
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observed in the absence of sulA. Overall, we conclude that synthetic circuit activation
allows for small-molecule inducible mutagenesis in the setting of UV damage that is
comparable to native pathway activation.

Figure 8. Separating the signals in SOS mutagenesis. (a) After exposure to various doses of UV light
in the presence or absence of ATc, the lexAWT or lexAtev S119A strains were plated on selective rifampincontaining media and the number of resistant colonies was quantified relative to an undamaged
population of cells plated on non-selective media. Error bars represent the standard error across at least
6 independent replicates. (b) Rifampin resistant colonies were quantified relative to an undamaged
population following exposure to either UV light (10 J/m2) and/or ATc (0.02 µg/mL). Open circles
indicate the presence of the recA730 constitutively active allele.
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2.3.5 Genetic and environmental requirements for SOS-mediated mutagenesis.
Finally, we used our synthetic circuit to separate the roles of DNA damage, RecA
activation, and LexA cleavage in SOS-mediated mutagenesis. As noted earlier, some
studies have indicated that mutagenesis can occur in the absence of exogenous DNA
damage when the SOS pathway is artificially hyperactivated—for example, with lexA
deletion,75 overexpression of the error prone polymerases,115 or constitutive RecA
activation through either recA730 or recA441 mutations.75,116 However, other studies
have indicated a role for DNA damage in SOS mutagenesis: when undamaged DNA,
such as F’-plasmids or phage, is introduced into bacteria undergoing a UV-induced,
native SOS response, mutagenesis appears to occur at only low rates on the undamaged,
foreign DNA.104,105 Our synthetic circuit offers an opportunity to reconcile these
differences by studying the inducible SOS response, rather than a constitutive response,
and examining SOS mutagenesis on the chromosomal rpoB locus, rather than foreign
DNA.
To examine the requirements for SOS mutagenesis, we therefore evaluated the
mutation frequency with UV alone (at a fixed 10 J/m2), ATc alone, or both together
(Figure 5B). With the lexAWT strain, mutagenesis was observed with UV light in the
presence or absence of ATc, although the mutational frequency is slightly decreased in
the presence of ATc. As overall viability is not significantly altered (Table S2), this
dampening could be due to a metabolic cost associated with TEV production.
Importantly, our data with lexAtev S119A suggests that SOS pathway activation with ATc in
the absence of UV is not sufficient for heightened mutagenesis. In this strain, we
observed that the number of rifampin-resistant mutants increased when treated with UV
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and ATc together, but not with either one alone (Figure 8B). This aligns well with prior
studies, which used a heat-labile lexA41 allele to simulate LexA cleavage and
degradation without DNA damage; in this case, mutagenesis was similarly impaired,
although concerns about altered interactions with SOS promoters limited the authors’
conclusions.90,117
Our results imply that either DNA damage and/or RecA* are necessary for
mutagenesis, beyond simply acting as the signals involved in inducing LexA cleavage.
DNA damage could provide a nidus for SOS mutagenesis, while the alternative functions
of RecA*, including its role as one component of the active DNA polymerase V
complex,85 could be important for SOS mutagenesis. To examine if activated RecA* is
sufficient to restore SOS mutagenesis without DNA damage, we generated lexAWT and
lexAtev

S119A

strains in the background of a recA730 allele, which encodes for an E38L

mutation that renders RecA constitutively active.118 The lexAtev S119A recA730 showed a
similar responsiveness to ATc addition as the lexAtev S119A strain (Figure S8), suggesting
that the strain offered similar orthogonal control over LexA cleavage. Evaluating these
strains, as previously established,75,89,103 lexAWT recA730 shows a high baseline mutation
frequency irrespective of DNA damage (Figure 8B). This finding likely reflects complete
pathway derepression and aberrantly high concentrations of activated error-prone
polymerases. With the lexAtev

S119A

recA730 strain, we observed the expected low

mutation frequency at baseline, as the non-cleavable LexAS119A exerts a dominant
repression on SOS genes even in the presence of activated RecA*. Interestingly, in the
presence of ATc and absence of UV, there is no increase in mutational frequency in the
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lexAtev S119A recA730 strain. As with lexAtev S119A recAWT, only in the presence of ATc and
UV light are rifampin-resistant mutants readily recovered.
Taken together, these data indicate that both DNA damage and LexA cleavage are
necessary for SOS mutagenesis, even in the presence of activated RecA*. These results
support a model where DNA damage is necessary to provide a nidus of mutation, upon
which SOS-mediated mechanisms can build; only with both DNA damage and LexA
cleavage can we observe appreciable mutagenesis at the chromosomal rpoB locus. One
limitation of our approach is our inability to demonstrate if RecA* is necessary for
mutagenesis, as DNA damage in the presence of recAWT also activates RecA. Future
improvements of our synthetic circuit could involve separation of DNA damage from
RecA activation, chromosomal integration of TEV, or added auto-regulatory capacities in
the circuit. Nevertheless, our study represents a step beyond previous genetic approaches,
which now allows more deliberate manipulation of the SOS stress response pathway in a
near-native system.
2.4 Conclusions
In this study, we have generated a synthetic circuit for inducible control over the
SOS pathway independent of DNA damage and RecA*. Our engineered strain shows
small-molecule inducible DNA repair and mutagenesis, and opens the possibility of
addressing a wide variety of significant questions related to SOS function. For example,
one significant advantage of our approach is that the circuit now permits temporal
separation of DNA damage from the induction of the SOS response, which can be
applied to examine the dynamics of cell death and DNA repair after DNA damage.
Furthermore, other phenotypes that have been associated with SOS function, such as the
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generation of persisters,62 biofilm formation,119 or acquired antibiotic resistance58 can
potentially be examined independent of DNA damage. Future refinement of the synthetic
circuit may allow for titratability of the response across a dose range of ATc or examine
pathway inactivation after washout of ATc. More generally, the concept of
reprogramming stress response pathways with synthetic biology approaches can allow for
separation of environmental changes from their associated responses to probe other
aspects of bacterial adaptation, survival, and evolution.

2.5 Materials and Methods
2.5.1 LexA alignment.
A comprehensive database of LexA homologs was generated using the ConSurf
Server Database, which utilizes CS-BLAST of the SWISS-PROT protein databank to
calculate sequence homology and conservation of protein structures. 120 LexA homologs
were aligned and percent identity calculated using Jalview sequence alignment tool. 121
2.5.2 LexAtev cloning and expression.
For experiments with purified LexA, a previously described expression vector
was used as a basis for mutagenesis, encoding LexA with an N-terminal His-tag with or
without the S119A mutation.72 Linker variations were introduced by overlap extension
PCR. Proteins were expressed in E. coli BL21 pLysS, followed by one-step purification
using the His-tag as previously described.72
2.5.3 In vitro protein analysis.
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An EMSA was used to quantitatively determine the binding efficiency of LexA
proteins to the SOS consensus sequence.52 44 bp oligonucleotides containing either the
SOS consensus sequence or a scrambled control were 5’-radiolabeled with
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P using T4

polynucleotide kinase, then annealed to their complementary unlabeled strand. Serial
dilutions of LexA were incubated with 100 pM of the radiolabeled duplex in 70 mM Tris
(pH 7.6), 10 mM MgCl2 (Buffer A) at 25o C either alone or with a 1000-fold excess (1
ng/L) of unlabeled sonicated salmon sperm DNA, and samples were separated on a
native 8% acrylamide gel at 25o C in 0.5X Tris/Borate/EDTA buffer. The gels were then
imaged on a Typhoon imager. Quantification was performed on ImageJ software by
quantifying the ratio of bound to unbound DNA normalized to background
phosphorescence. The data were fit to one site specific binding via Prism software.
To qualitatively examine LexA auto-cleavage, 5 M purified LexA variants were
incubated in Buffer A with 20 g/mL RecAf (New England Biolabs, NEB) pre-activated
by co-incubation with 10 M ATPS and 10 M ssDNA, either alone or in the presence
of 10 µM SOS operator or scrambled operator DNA. After 2 hrs at 37 o C, reactions were
quenched with 2X Laemmli buffer. For alkali-induced cleavage, 5 M LexA was
incubated in a 1:1 ratio with 2X auto-cleavage buffer (100 mM CAPS, 100 mM Tris, 300
mM NaCl, pH 10.6) for 2 hrs before quenching with Laemmli buffer. For TEV-mediated
cleavage, 5 µM LexA proteins were incubated for 2 hrs with 0.8 M TEV in 50 mM
Tris-HCl (pH 8.0), 0.5 mM EDTA, and 1 mM DTT, with or without 10 µM of SOS
operator or scrambled operator DNA. Samples were separated on either 12% SDSPAGE gel (for TEV-cleavage) or 20% SDS-PAGE gels (for RecA*-cleavage) in 1X TrisGlycine-SDS (TGS) Buffer (Biorad), visualized using Coomassie stain, and imaged on a
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Gel Doc XR+ (Biorad). Band intensity was quantified using ImageJ software and first
order cleavage kinetics were determined by Prism software.
2.5.4 Strain generation for cell-based assays.
A lexA::I-sceI:camR, sulA::FRT MG1655 E. coli strain previously used for the
generation of the lexAS119A strain served as the parent for recombineering.75 The PCRamplified gene fragment containing lexAtev or lexAtev S119A and ~1000 bp of flanking DNA
were amplified and used in the recombineering protocol described previously. 75 The sulA
gene was reintroduced by P1vir transduction of a torT::[FRT-kan-FRT](KanR) strain
obtained through the Keio collection,122 as torT is a nearby gene with high linkage to
sulA. The recA730 allele was introduced by P1vir transduction from the donor SS4247
strain as previously described.75 All strains were confirmed by PCR amplification and
sequencing of the relevant loci. A comprehensive list of strains and genotypes used can
be found in Table S1.
All cell-based protocols were performed in strains co-transformed with both a
GFP reporter plasmid maintained by kanamycin selection and an inducible TEV plasmid
maintained by ampicillin selection. The GFP reporter plasmids used (P recA-GFP, PrecNGFP, PsulA-GFP, PlexA-GFP) were obtained from the Open Biosystems E. coli promoter
collection (Thermo Scientific).112 For the TEV expression plasmid, the parent strain for
cloning was a medium-copy pMG81 vector (Goulian Lab collection) encoding the tetR
and tetA gene locus under the control of a bidirectional TetR-regulated promoter. An
autolysis refractory N-terminal maltose binding protein (MBP) fusion of TEV was
amplified out from RK1043 (Addgene),123 appending an ssrA tag in the process.111 This
gene was then cloned using Gibson assembly into pMG81, replacing the tetA gene locus.
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2.5.5 Western blotting.
Overnight cultures of strains were diluted 1:100 in 15 mL of 1X MM (1X M9
minimal media salts, 10 mM MgSO4, 1 mM CaCl2, 0.2% glucose, and 0.1% Casamino
acids, with 30 g/mL kanamycin and 100 g/mL ampicillin for plasmid maintenance)
and shaken at 37o C. At mid-log phase, cultures were either untreated or ATc was added
at a concentration range from 0.005 - 0.2 g/mL and cells were incubated at 37 o C. At 0,
10, and 60 min, 1 mL of culture was removed, pelleted and resuspended in 100 L of
media. 50 µL was mixed with 50 µL of 2X Laemmlli buffer, denatured at 95 o C, and run
on a 12% SDS-PAGE denaturing gel. The gel was transferred to a polyvinylidene
fluoride (PVDF) membrane using the iBlot Gel Transferring System (Invitrogen).
Membranes were probed with mouse anti-LexA (Santa Cruz, sc-365999) 1:1000 or goat
anti-MBP (NEB) 1:50,000, followed, respectively, by horse radish peroxidase(HRP)conjugated goat anti-mouse or rabbit anti-goat (1:2000, Santa Cruz). Membranes were
imaged on a Amersham Imager 600 system after being exposed to Immobilon Western
HRP substrate (Millipore).
2.5.6 Cell-based fluorescent assays.
Overnight cultures of strains were diluted 1:100 in 1X MM and shaken at 37 o C.
At mid-log phase, 100 µL of strains in a 96-well plate were exposed to UV light at the
doses noted and/or ATc (0.02 g/mL). Recovery and activation of SOS genes was
allowed for one hour before cell were pelleted by centrifugation at 7600 x g and
resuspended in 1X phosphate-buffered saline (PBS) with 4% paraformaldehyde. Single-
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cell GFP fluorescence intensity was analyzed using a FACSCalibur (BD Biosciences)
and analyzed using FlowJo software.
2.5.7 DNA repair and mutagenesis assays.
Overnight cultures of strains were diluted 1:100 in 1X MM and shaken at 37 o C.
At mid-log phase, cultures were streaked across LB agar supplemented with 100 g/mL
ampicillin and 30 g/mL kanamycin, and either no ATc or ATc at 0.02 g/mL. Streaked
strains were allowed 5-10 min settling into the agar and then exposed to a gradient of UV
light with the plates partially covered to alter exposure intensity. The plates were
analyzed following 24 hrs at 37o C.
For UV survival curves, 200 µL of mid-log phase cultures were transferred to 24well plates to increase surface area and exposed to UV light and/or ATc (0.02 g/mL).
After UV exposure, cultures were immediately serially diluted in 1X PBS ± ATc, and
then plated on LB agar plates with 100 g/mL ampicillin, 30 g/mL kanamycin, and ±
0.02 g/mL ATc. Plates were counted through a combination of manual counting and
OpenCFU software.
For analysis of mutagenesis, overnight cultures of strains were diluted 1:1000 in
1X MM and shaken at 37o C. At mid-log phase, 1 mL cultures were transferred to 24well plates and then exposed to UV light at doses ranging from 5-50 J/m 2 and/or 0.02
g/mL ATc. Cell recovery was allowed for one hour shaking at 37 o C following damage.
Cultures were serially diluted in 1x PBS and plated on LB agar with ampicillin and
kanamycin for viable cell counts and selective LB agar with ampicillin, kanamycin, and
rifampin (100 g/mL) to quantify the number of rifampin resistant mutants. Resistant
colonies were tabulated after 48 hrs of growth. The mutagenesis assays with UV alone,
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ATc alone, or both, were performed with 4 mL cultures in 6-well plates to increase the
limit of detection. The frequency of resistant mutants per starting population was
determined by normalizing the number of resistant colonies to an average of three
undamaged control cell counts on non-selective media ± ATc. The frequency of resistant
mutants per viable cell count was determined by normalizing the number of resistant
colonies to an average of three UV-damaged or undamaged controls plated on nonselective media.
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Chapter 3: Uncovering the Kinetics of UV-Induced Cell Death by Decoupling DNA
Damage from the Damage Response
This chapter is based on a potential manuscript for a project that is a work in
progress. We have made some exciting discoveries concerning the kinetics of UVinduced cell death, and the window of time necessary for repair to occur. Before
submitting this manuscript for publication, we hope to further elucidate the mechanism
by which UV damage becomes irreversibly lethal within the cells. In that way, we would
replace the current Figure 4 with our findings linking irreversible lethality to some
intracellular process. Our ongoing efforts to that end are described in the discussion of
this chapter, and more extensively within Chapter 4.
3.1 Abstract
Rapid activation of DNA repair is critical for prokaryotes to adequately respond
to genotoxic stress. In the case of UV radiation, photoproduct DNA lesions must be
quickly repaired before replication fork stalling and collapse may lead to the damage
becoming irreversibly lethal. However, as DNA damage and repair are typically linked in
time, the kinetics through which UV-induced damage becomes irreversibly lethal, and
window of time in which repair must occur, are unknown. To study the kinetics of UVlight induced cell death, we temporally separated DNA damage from activation of DNA
repair using a previously established synthetic circuit which allows small molecule
activation of the SOS DNA damage response pathway independent of DNA damage. We
find that delaying SOS activation results in a rapid time-dependent loss of viability. UV
damage quickly becomes irreversibly lethal in the population such that reactivation of
repair is no longer adequate for rescue. This irreversible lethality is associated with
global promoter silencing and loss of responsiveness to external stimuli. The rate of UVinduced cell death is dependent on the carbon availability of the cell, but is not dependent
on protein synthesis or replication, suggesting that irreversible lethality is occurring as a
result of another energy-dependent intracellular process. Overall, we establish the
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kinetics of UV-light induced cell death and shed light on the mechanisms by which UV
photoproducts ultimately result in cell death.
3.2 Introduction
Prokaryotes face a constant assault of changing environmental stressors which
threaten the integrity of their genomes. The natural life cycle of the commensal gut
organism Escherichia coli may require response to genotoxic stressors generated from
host immune factors,7 competition with gut microflora,8 cellular metabolism,9 solar
ultraviolet and ionizing radiation in open waterways and soil, 12,124 and antimicrobial
agents and germicidal irradiation of medical equipment.125,126 Understanding the kinetics
and mechanisms by which prokaryotes may respond, or succumb, to DNA damage can
deepen our understanding of bacterial cell death and inform antibiotic design.
In a laboratory setting, UV irradiation (254 nm) via germicidal lamps has been a
historical method of inducing DNA damage, and is used as a potent means of sterilizing
medical and laboratory equipment.126 The germicidal effects of UV-C on bacteria have
been widely known since these effects were first discovered by Downes and Blunt in
1878.127 Exposure to UV irradiation is a potent genotoxic stressor, leading to the
formation of reactive oxygen species (ROS) with associated oxidized nucleobases, 10,11
and photoproduct DNA lesions which predominately occur as cyclobutane pyrimidine
dimers (CPDs) but also include pyrimidine 6-4 pyrimidone photoproducts (6-4PPs) and
associated Dewar isomers.128 These photoproducts must be recognized and repaired
before replication may occur.
In the absence of repair, these UV photoproducts are lethal, though the
mechanisms by which UV light results in cell death are an area of continued debate in the
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field. While vegetative DNA polymerases are incapable of replication over UV
photoproducts,14 this stalled replication is not itself an irreversibly lethal event. Instead, it
is theorized that DNA lesions may invoke other cellular pathways that trigger cell death.
One hypothesis postulates that UV photoproducts may induce double strand break (DSB)
formation and chromosomal fragmentation;16,129 while prokaryotes have some capacity to
repair DSBs,23 it is also known that a significant fraction of cells with DSBs subsequently
enter a senescent state distinct from persisters, unable to make colony forming units
(CFUs) but retaining intact membranes.19 It has also been postulated that DNA damage
may trigger the accumulation of reactive oxygen species (ROS) and free radicals through
dysregulation of iron oxidation and cellular respiration pathways; 28,32,130,131 ROS, in
addition to oxidizing nucleobases, also damage proteins and lipids, eventually halting
cellular metabolism.26 Finally, some studies support the existence of programmed cell
death pathways in E. coli, which activate in response to DNA damage and purposefully
halt cellular functions.31,37,132 Altogether, these studies suggest that photoproduct
formation on its own is not an irreversibly lethal event, but instead some intracellular
event may trigger cell death after a certain point of no return.
As such, it is critical that DNA repair occurs rapidly to prevent the onset of an
irreversibly lethal event triggered by UV photoproducts. Repair of DNA lesions is largely
orchestrated in E. coli by the SOS pathway, a canonical DNA repair pathway widely
conserved across bacterial species that is chiefly regulated by the transcriptional
repressor, LexA.17,94 Following DNA damage, the damage sensor RecA filaments and
this activated RecA (RecA*) triggers a self-cleavage reaction in LexA that results in
dissociation of LexA from SOS promoters and activation of the SOS response. 94 The
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activated SOS response induces genes involved with nucleotide excision repair (NER),
base excision repair (BER), homologous recombination (HR), and error-prone translesion
synthesis (TLS), all of which may be required for UV-mediated damage repair depending
on the natures, numbers, and locations of the lesions: CPDs are typically repaired through
NER mediated by UvrA,42 oxidized bases may be removed through BER,43 DSBs can be
repaired through HR,44 and any single-strand DNA lesions may be replicated over by the
TLS polymerases DinB and UmuDC,133 though this proceeds at the expense of genomic
fidelity and is thought to be a last resort response to genotoxic stress.
The SOS pathway is optimally primed to activate repair rapidly after DNA
damage to restart replication and prevent the possibility of irreversibility of damage.
Within 5 minutes of exposure to UV light, the concentration of LexA in cells decreases
>90% as RecA* filaments and induces LexA auto-proteolysis; 65 within 10 minutes of
exposure to UV light, the NER gene uvrA reaches peak promoter activity, allowing a
robust, rapid response to the DNA lesions, while error-prone TLS genes such as dinB
may take up to 60 minutes to reach peak promoter activity as a final resort against DNA
damage.54 Interestingly, strains bearing LexA proteins with altered cleavage kinetics,
both hyper-cleavable and hypo-cleavable, have decreased viability in response to
genotoxic stressors compared to strains with the wild-type protein, suggesting that there
is an optimal time frame in which repair must occur to prevent irreversible lethality. 75
However, as DNA damage and the damage response are typically linked processes in
time, the kinetics of UV-induced cell death, and the timeframe in which repair must occur
before UV-induced DNA lesions become irreversibly lethal, have never been fully
elucidated.
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In this study, we aimed to determine the rate at which UV-induced DNA lesions
become irreversibly lethal in the absence of repair by delaying activation of the SOS
response and observing the loss of viability over time. To separate the timing of DNA
damage from the onset of the SOS pathway, we used a previously designed synthetic
circuit whereby the SOS pathway could be activated orthogonally to DNA damage via
the small molecule, anhydrotetracycline (ATc).134 We found that delaying activation of
the SOS pathway resulted in a time dependent loss of viability, with irreversible lethality
occurring in half of the population approximately every 13 minutes for cells grown in
minimal media supplemented with glucose and casamino acids. We show that this loss of
viability is associated with global promoter silencing in response to external stimuli. We
find that the onset of irreversible lethality may be delayed by carbon-energy starvation,
and is dependent on the growth rate of the cultures, suggesting that this is an energydependent event. Finally, we find that the onset of irreversible lethality occurs
independently of protein synthesis and replication. Together, our data gives novel
insights into the kinetics and mechanisms of UV-induced cell death.
3.3 Results
3.3.1 Assessment of the kinetics of UV-mediated cell death
Given our understanding of DNA damage-induced cell death, UV light-mediated
DNA damage is likely not an immediately lethal event; rather, there is most likely a
window of time in which repair mechanisms are capable of rescuing cells from UVinduced damage before reaching a point of no return, after which damage becomes
irreversibly lethal in the cell and repair can no longer rescue viability. We aimed to
uncover the kinetics of UV light-mediated cell lethality that occurs in the absence of
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DNA repair, and discover factors which modulate these kinetics. By delaying the
activation of DNA repair following the onset of DNA damage and monitoring survival,
we may uncover the rate at which UV damage becomes irreversibly lethal and the
window of time in which repair must occur.
To temporally isolate DNA damage from the DNA damage response, we used a
synthetic circuit previously designed in our lab.134 This synthetic circuit utilizes an
engineered exogenously cleavable variant of LexA, called LexA tev S119A, that is deficient
in auto-cleavage through the native SOS pathway, but which can be cleaved exogenously
by TEV protease which is expressed off a plasmid under the control of the non-toxic
small-molecule anhydrotetracycline (ATc). Thus, following a DNA damaging insult, the
SOS pathway will remain inactivated until ATc is added to the culture media, at which
point LexA will be cleaved by TEV to activate the SOS pathway at that time point. In our
circuit, within 10 minutes of ATc addition TEV is strongly expressed and LexA
concentrations decrease below the limit of detection, allowing rapid activation of the SOS
pathway on the order of that of the native SOS circuit. 65
To assess survival with a delayed SOS response, the synthetic circuit strain was
grown to mid-log phase in minimal media (see Methods), then damaged with UV light at
50 J/m2 in either the presence or absence of ATc (Figure 9A). Initial survival of the ATc +
and ATc- conditions were determined by plating onto LB agar with or without ATc,
respectively (SOSon and SOSoff). The cultures were incubated shaking at 37° C, and every
30 minutes the viable colony counts for those two conditions were reassessed. To activate
the SOS pathway after a delay at each of these time points (SOSdelayed), a previously
SOSoff culture was instead plated on ATc+ LB agar. Colonies for all three conditions were
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counted after 24 hours of growth, and the CFUs/mL for each of the three conditions was
plotted over time (Figure 9B). The SOSon line represents the maximum survival benefit of
ATc addition, combined with cell division over time, while the SOS off line represents the
baseline survival of these strains in the absence of repair; the surviving fraction in the
SOSoff condition likely represents a combination of persisters and cells which
stochastically did not acquire DNA lesions during UV exposure. 135 To determine the
fold-survival benefit of ATc addition compared to ATc- cultures at each time point, we
divided the CFUs/mL of the SOSdelayed condition by the CFUs/mL of the SOSoff condition
(Figure 9C). This metric can give the rate at which cells lose the ability to form CFUs in
response to ATc over time.

Figure 9. Survival with a delayed SOS pathway. (a) Schematic of experimental design. At each time
point, CFUs were determined for control SOSon and SOSoff conditions by plating on respective ATc+
and ATc- plates. Concurrently, SOSdelayed CFUs/mL were determined by plating a previously SOSoff
strain on ATc+ plates. (b) Time course of delayed SOS activation. Total colony counts for each of the
three conditions were determined at each time point. Error bars represent the log standard error across
at least three independent replicates. (c) Fold-survival benefit of delayed SOS activation determined by
dividing the CFUs/mL in the SOSdelayed condition by their respective SOSoff negative control. Error bars
represent the log standard error across 3 replicates. The half-life was determined by fitting the data to a
one phase decay model, and values in parentheses represent the 95% CI.

In the SOSon condition, activation of the SOS response allows ~2.5 log-fold
survival compared to SOSoff, in line with prior data (Figure 9B).134 At later time points,
SOSdelayed cultures have decreased viability compared to the SOSon control, but still allow
significantly increased survival compared to SOS off. The disparity between SOSdelayed and
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SOSoff means that in the ATc- culture, there exists a population of cells which typically
would be slated for cell death, but with ATc addition may still be rescued to form CFUs.
However, this population size diminishes greatly with an increased delay, and within 2.5
hours there is no longer a survival benefit of ATc for SOS off cultures. We can find the
half-life of this population by fitting the decrease in fold-survival over time to a onephase decay model, giving a half-life (t1/2) of 0.22 hrs (95% CI 0.18-0.27, R 2 = 91%). We
define this damaged population with the potential for survival as the fraction with
reversible lethality, while the population which has passed beyond a point of no return
and can no longer recover to form CFUs as encountering irreversible lethality.
We next determined if this pattern was UV-dose dependent, and therefore whether
the half-life of reversible lethality was dependent on the number of UV photoproducts per
cell.136 Similar CFU counts and fold-survival curves were performed at UV doses of 30
J/m2 and 70 J/m2 (Figure S10). While the absolute survival of SOS on and SOSoff
conditions was UV dose-dependent, a determination of the t1/2 of reversible lethality for
these conditions remained similar to that at 50 J/m 2 (0.18 hr (95% CI 0.11-0.38) and 0.26
hr (95% CI 0.18-0.40) for 30 J/m2 and 70 J/m2 respectively). We thus conclude that the
half-life of the reversibly lethal population is UV dose-independent, and so independent
of the number of DNA lesions per cell.
We aimed to determine which effectors within the SOS regulon were most
important for survival at early and late time points. Typically, NER through uvrABC is
considered the most important pathway for CPD and 6-4PP repair “early” in the SOS
response, while TLS through dinB and umuDC is considered important for replication
over damaged lesions “late” in the SOS response.54 As such, we obtained CFU counts
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and fold-survival curves for strains with a deletion in uvrA, an “early” gene necessary for
NER137, and with a deletion in dinB, a “late” gene and one of two error-prone
polymerases in E. coli (Figure S11).138 Deletion of uvrA resulted in a significantly
impaired damage response when ATc was added concurrent with UV, granting only ~1
log-fold survival over an SOSoff culture even at later time points, in line with prior data of

uvrA strains.139 In the SOSdelayed condition, any survival benefit from activity of other
SOS pathway genes is quickly lost, suggesting that the damage response phenotype is
being almost entirely driven by uvrA and the NER pathway. In the dinB condition, loss
of this TLS protein did not result in any decrease in survival at baseline. Survival curves
in a dinB strain behaved similarly to a dinB+ strain, with a time-dependent decrease in
viability and a half-life of irreversible lethality of 0.31 (95% CI 0.26-0.37) hrs. From
these studies, we can conclude that survival at both early and late time points is being
driven mostly through the NER pathway and UvrA.
3.3.2 Global promoter silencing associated with UV-mediated cell death
We next sought to determine whether irreversible lethality is because activation of
DNA repair is no longer sufficient for rescue, or if it is because repair is no longer able to
be activated in response to ATc at all. To determine if the SOS pathway was activating in
response to ATc at later time points, we used a GFP reporter downstream of the SOScontrolled RecA promoter (PrecA-GFP) as a proxy for SOS gene transcription.112 These
strains were grown to mid-log phase in liquid culture and then damaged with UV light in
the absence of ATc (Figure 10A). As in the survival experiments, every 30 minutes ATc
was added to a previously ATc- culture. The cultures were then incubated at 37° C for 1.5
hrs to allow time for GFP reporter expression. Then 1.5 hrs after ATc addition, that
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culture, along with an SOSoff control, was spun down and resuspended in 1%
paraformaldehyde (PFA) before flow cytometry analysis.
When ATc was added concurrent with UV light, after 1.5 hours there was an ~0.7
log increase in mean fluorescence intensity compared to uninduced controls, consistent
with previously reported data. Notably, this population was monophasic, indicative of a
uniform, robust response of the population to ATc. When ATc was added after a delay,
instead a biphasic response emerged (Figure 10B). The mean fluorescence intensity of
the low-GFP peak correlated with that of ATc- controls, while the high-GFP peak
correlated with that of the monophasic robust response seen at the early time points. We
interpreted this biphasic response as “responders” and “non-responders,” suggesting that
this mixed population is exhibiting an all-or-nothing phenotype in response to ATc. Over
time, the population of non-responding cells expanded while the responding population
diminished, correlating with the results seen in survival curves. We thus conclude that the
onset of irreversible lethality is correlated with a loss of ability to respond to ATc. That
said, the apparent emergence of the silenced population did not occur until ~1 hr postUV, which would correlate with ~4 half-lives of the reversibly lethal population, when
less than 10% of that initial population may still form CFUs. Thus, it is unclear if nonresponsiveness to ATc is causal for irreversible lethality, as a majority of the population
is still capable of activating GFP at this time.
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Figure 10. Activation of the SOS pathway after a delay. (a) SOSoff cultures containing an SOS GFP
reporter plasmid were exposed to UV light. At each time point, ATc was added and cultures were
allowed 1.5 hours of growth in liquid media to express GFP, after which cultures were spun down and
fixed before flow cytometry. (b) Representative histograms of single-cell GFP fluorescence in either
uninduced cells (grey) or cells induced with 0.02 g/mL ATc at the time point listed (orange).

While this GFP reporter allowed for the examination of one output of SOS
activity, we wanted to determine if cells with a delayed SOS pathway were still capable
of exhibiting the phenotypic hallmarks of normal pathway activation. In particular, we
wanted to examine cell filamentation, an SOS phenotype controlled by the SulA protein,
which prevents septation and cell division presumably as a cell cycle checkpoint until
DNA repair is achieved.55 We began by noting that those cells which robustly expressed
GFP in response to ATc tended to have increased forward and side light scatter by flow
cytometry, while those cells which were non-responders to ATc had low scatter (Figure
S12A). Indeed, the entirety of the biphasic GFP response seen could be stratified into two
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monophasic populations by gating for the degree of light scatter of individual cells. High
light scatter has previously been correlated with filamentation, suggesting a phenotypic
link to the GFP data obtained.140
To determine whether this high light scatter was indeed related to cell
filamentation, we examined these cells under light microscopy to see if they were capable
of filamenting following delayed SOS activation. Mid-log phase cells were exposed to 30
J/m2 UV light and immediately mounted onto an agar slab. ATc was added to the agar
slab at various time points, and after 2 hours of imaging the fraction of cells dividing or
filamenting was determined, with representative image fields shown (Figure S12B).
When ATc was added concurrent with UV light, ~80% of cells were capable of
filamentation and/or cell division. Delays in ATc addition resulted in a decreased fraction
of cells able to filament and divide, and by 1.5 hours <20% of all cells were capable of
filamenting or dividing (Figure S12C). Thus, the ability of these cells to activate a normal
SOS response, as seen from both a GFP reporter and from the phenotypic outcome of cell
filamentation, is diminished over time after UV light exposure.
We next asked whether the inability to activate GFP was specific to ATc, TEV,
and the SOS pathway, or whether there is global promoter silencing in response to
external stimuli. To address this question, we utilized a GFP reporter downstream of the
lac operon (Plac-GFP), which typically strongly expresses GFP in response to isopropyl
-D-1-thiogalactopyranoside (IPTG).141 In an analogous experiment as with ATc, cells
were damaged with UV light and after a delay IPTG was added to the culture media.
After adding IPTG, the cells were incubated for 1.5 hours at 37° C to allow GFP
expression before resuspension in 1% PFA and analyzing GFP expression by flow
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cytometry. As with ATc, the Plac-GFP reporter showed a monophasic response to IPTG
when concurrent with UV light, but over time a biphasic population of responders and
non-responders emerged (Figure S13). Thus, the loss of GFP promoter activity is not a
phenomenon specific to the SOS pathway and activation of damage repair, but rather a
global phenomenon in which the ability to synthesize protein in response to external
stimuli is lost.
3.3.3 Kinetics of UV-mediated cell death in differing growth conditions
Previous studies have reported that cells grown under carbon-limited conditions
that divide and transcribe genes less quickly are more tolerant to DNA damaging agents
including UV light and ciprofloxacin.142–144 A protective benefit of carbon-limitation
suggests that loss of viability is occurring as a result of an energy-dependent intracellular
process. We therefore wondered whether the point of no return to irreversible lethality
may also be the result of a similar process. To determine if irreversible lethality was
occurring through an energy-dependent or energy-independent process, we performed our
survival assays in media depleted of carbon sources. Cells were grown to mid-log phase
in minimal media supplemented with glucose and casamino acids (glu +/cas+) before being
pelleted and resuspended in minimal media in the absence of glucose or casamino acids
(glu-/cas-). The cells were then damaged with UV light and the subsequent delayed SOS
experiments were performed. Exposure to UV light in glu -/cas- did not alter initial
survival in SOSon conditions. However, in the SOSdelayed condition, there was a significant
survival benefit even out to late time points (Figure 11A). While there was a slight
decrease in fold-survival over time, at the latest time point tested there remained at least 1
log-fold survival over SOSoff. Fitting this data to a one-phase decay model gives a half59

life of 0.56 (95% CI 0.35-1.2) hrs, less than half the rate of decay as cultures grown in
non-carbon limited media. These data also poorly fit to the one phase decay model (R 2 =
50%), and it is unclear if the fold-survival benefit of ATc would eventually reach 0 or
plateau. In all, these suggest that in the absence of nutrition, these cells have greatly
enhanced tolerance of DNA lesions and protection against irreversible lethality.
We also examined these cells by flow cytometry to determine whether carbon
energy-starved cells may be protected against promoter silencing, and if cells may
express GFP in response to ATc addition following a delay when placed back in carbon
supplemented media. Cultures were grown to mid-log phase in glu +/cas+ cultures, then
spun down and resuspended in glu-/cas- minimal media and exposed to 50 J/m2 UV light.
At each SOSdelayed time point, we added both ATc to activate the synthetic circuit and
also added glu+/cas+ to allow the energy required to both activate the SOS pathway and
express GFP, then incubated the cultures for 1.5 hours. Examining these cells by flow
cytometry, we found that the cultures remained uniformly responders to GFP in a
monophasic population until late time points, when a small population of non-responders
emerged. We conclude that these cells better tolerate the UV-induced DNA damage
compared to energy-supplemented controls, with an extended period of reversible
lethality and protection against associated promoter silencing.
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Figure 11. Activation of a delayed SOS response in nutrient starvation conditions. (a) Mid-log
phase cultures were spun down and resuspended in nutrient depleted media immediately before
survival curves were obtained. CFUs/mL and fold-survival were determined as in Figure 9. (b)
Representative single cell GFP histograms for cultures grown in nutrient depleted conditions after
exposure to UV light in uninduced cells (grey) or cells with ATc added at the time point specified
(orange).

Glucose and casamino acids are metabolized differently, and responses to
starvation of each of these two molecules is through separate pathways. Glucose
starvation is recognized by the general stress response pathway, upregulating expression
of the stationary phase alternative sigma factor rpoS, while amino acid starvation induces
the stringent response through the alarmone ppGpp, which inhibits RNAP activity to
globally downregulate transcription.145 To determine if the protective effects of starvation
are non-specifically energy-dependent, or due to a cellular response to either glucose or
casamino acid starvation, we performed analogous survival curve experiments in media
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supplemented with either glucose alone or casamino acids alone (Figure S14A). We
found that both conditions resulted in an intermediate phenotype between glu +/cas+ and
glu-/cas- media, with half-lives of 0.29 (95% CI 0.21-0.41) hr and 0.38 (95% CI 0.280.56) hr for glu+ and cas+ respectively. This is consistent with a non-specific metabolic
activity-dependence for irreversible lethality instead of the activities of either the general
stress response or stringent response.
We further aimed to correlate the rates of irreversible lethality with the growth
rate in each media, which can be used as a proxy for the overall metabolic activity. To
that end, we monitored the OD595 of cultures in carbon-supplemented or -limited media
for 3 hours after 50 J/m2 UV damage to mimic the growth conditions from survival
assays (Figure S4B). In all conditions, growth rates were similar within the first 1 hour.
Cultures grown in glu+/cas+ media then continued to increase in OD over the next two
hours while cultures grown in glu-/cas- media plateaued. The glu+ only and cas+ only
cultures demonstrated intermediate growth rates after 1 hour between fully supplemented
and non-supplemented cultures. In all four cases, the growth rates inversely correlate with
the onset of irreversible lethality, suggesting that this rate is dependent on the overall
metabolic activity of the cell and not a specific starvation response pathway.
3.3.4 Insights into the nature of the point of no return
Lastly, we sought to shed light on the mechanism through which cells switch from
a reversibly lethal state to an irreversibly lethal state. We hypothesize that the primary
DNA lesion from UV light is a reversibly lethal event, which in the absence of repair
may trigger an irreversibly lethal secondary lesion, such as a DSB, at a certain point of no
return. Our results suggest that this point of no return is being driven by an energy62

dependent process that is dependent on metabolic activity. We tested two energydependent intracellular events which have previously been proposed to trigger cell death
in response to DNA damaging agents: (1) protein synthesis,146,6 and (2) attempted
replication over a damaged lesion.20
To determine if the onset of irreversible lethality is a protein synthesis dependent
event, we performed our survival experiments in the presence of the reversible ribosomal
inhibitor, chloramphenicol.143,147 Mid-log phase cultures were damaged with 50 J/m 2 UV
light and protein synthesis was immediately halted by the addition of 10 g/mL
chloramphenicol before survival curves were obtained. Serially diluting these cultures in
PBS prior to plating at each time point washed away chloramphenicol, allowing
resumption of protein synthesis when plated either in the presence or absence of ATc.
Delaying SOS activation in the presence of chloramphenicol did not alter the rate at
which irreversible lethality occurs, with similar fold-survival curves and a similar halflife for the reversibly lethal population as in the absence of chloramphenicol (t 1/2 = 0.15
hr (95% CI 0.11-0.19), Figure 12A). Notably, the SOSon condition lost viability at a
similar rate to SOSdelayed. As chloramphenicol blocks synthesis of TEV protease, adding
ATc concurrent with UV light did not allow SOS pathway activation until
chloramphenicol was washed out of solution by serial dilution, causing it to behave as if
ATc were not added until later time points. Thus, while TEV expression and SOS
pathway activation were inhibited with chloramphenicol, the onset of irreversible
lethality was not, suggesting that lethality is occurring in an energy-dependent, protein
synthesis-independent manner.
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Figure 12. Effects of protein synthesis and replication inhibition on survival. Survival curves were
obtained as in Figure 9 in cultures grown in the presence of 10 g/mL of the ribosomal inhibitor
chloramphenicol (a) or 2 mg/mL of the DNA gyrase inhibitor novobiocin (b).

Lastly, we sought to determine if irreversible lethality was occurring through a
DNA replication-dependent mechanism. To that end, we performed an analogous assay
as with chloramphenicol in the presence of the reversible non-DNA-damaging gyrase
inhibitor, novobiocin, which prevents DNA supercoil relaxation thereby halting
translocation of the replisome.148 We found that, like chloramphenicol, growth in the
presence of novobiocin did not impact the half-life of the reversibly lethal population (t1/2
= 0.17 (95% CI 0.13 – 0.22), Figure 12B). We also found that the SOS on condition again
resembled that of SOSdelayed. Novobiocin is known to interfere with DNA repair and
enhance killing by genotoxic stressors, and as such DNA repair can most likely not occur
until novobiocin is washed out at successive time points, leading the SOS on condition to
behave as if it has a delayed SOS response.149 Despite this, the onset of irreversible
lethality is not affected by novobiocin, and from these data, along with the
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chloramphenicol data, we conclude that irreversible lethality is occurring in an energydependent, protein-synthesis independent, replication-independent manner.
3.4 Discussion
The kinetics and mechanisms by which DNA photoproducts may lead to cell
death, and the timeframe in which DNA repair must occur for an adequate response, are
incompletely understood. Here, by separating the timing of UV-induced DNA damage
from activation of the SOS pathway, we can uncover the kinetics by which cells lose
viability over time as UV-induced damage becomes irreversibly lethal, and the window
of time in which repair must occur. UV light-induced cell death is not immediately
permanent, but rather these cells may be rescued within a certain time frame, with
damage becoming permanent in half of cells roughly every 13 minutes in minimal media
supplemented with glucose and casamino acids. As the rate at which cells lose viability is
independent of UV dose, the rates observed are likely independent of the number of DNA
lesions. Interestingly, the onset of irreversible lethality inversely correlates with the
OD595 of growing cultures, suggesting that this process is instead dependent on the
overall metabolic activity of the cell (though not necessarily division). We expect that
alternative methods of increasing or decreasing metabolic activity, including alterations
in temperature, media composition, and oxygen availability will all similarly influence
the rate of onset of irreversible lethality.
The rate at which UV damage becomes irreversibly lethal is on the order of the
rate at which SOS pathway genes are activated in similar media conditions. 54 Early SOS
pathway genes such as uvrA may reach peak promoter activity within 10 minutes of UV
light, at which point roughly half of the population with the potential to survive may have
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reached irreversible lethality. Late SOS pathway genes such as the error-prone
polymerase dinB may not reach peak promoter activity until at least 45 minutes after UV
light, when our data predicts >90% of cells have already encountered irreversible
lethality if not repaired. Our data shows that the majority of repair phenotypes are
through UvrA and the NER pathway, while deletion of dinB does not affect survival
(though a double deletion with the other error-prone polymerase, UmuDC, has not yet
been explored). This supports a model where rapid activation of uvrA and NER is the
most important role of SOS activity for adequate DNA repair, while the error-prone
polymerases, though low-fidelity and a risk to genome integrity, are used as a last resort
for the repair of DNA lesions, becoming most active at a time when most cells slated to
die have already encountered the onset of irreversible lethality.
The onset of irreversible lethality is correlated with global silencing in response to
external stimuli as seen through our GFP reporters. It is highly unlikely that the DNA
lesions would occur in genes specifically associated with small molecule sensing or
protein synthesis – we can thus assume that the loss of GFP synthesis is a result of some
intracellular process, not the primary DNA lesion itself. Notably, the apparent emergence
of the silenced population did not occur until ~1 hr post-UV, which would correlate with
~4 half-lives of the reversibly lethal population, when less than 10% of that initial
population may still form CFUs. Thus, it is unclear if non-responsiveness to ATc is
causal for irreversible lethality, as a majority of the population is still capable of
activating GFP at this time. We believe instead that promoter silencing is an associated
feature of irreversible lethality, being driven by intracellular changes that occur after the
point of no return.
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We observe that the onset of irreversible lethality and associated promoter
silencing appears to be occurring in an energy-dependent, but protein synthesisindependent and replication-independent manner. That said, stalling replication through
inhibition of DNA gyrase using novobiocin may also affect some steps of DNA repair
which require DNA unwinding, and so alternative functions of gyrase may affect
interpretation as a specific blocker of DNA replication.149 Further experiments using a
specific block of replication, such as a temperature sensitive dnaB22 mutant in which
replication initiation is inhibited when incubated at the non-permissive temperature of
42° C, may allow further elucidation of the role of replication in cell death. 150
Our data support a model wherein the reversible primary UV-mediated DNA
lesion is not itself lethal, but rather this primary lesion, at a point of no return, may trigger
an irreversible secondary lesion which ultimately results in promoter silencing and cell
death. Timely activation of DNA repair prevents secondary lesion formation, rescuing the
cell from irreversible lethality. From our data, we cannot conclude the nature of this
secondary lesion, or whether it is occurring through an intentional cell death pathway or
is an unintended consequence of cellular functions, though we believe that this lesion is
occurring in an energy-dependent, but protein synthesis-independent and replicationindependent manner. Our future directions aiming to identify the mechanism of
irreversible lethality and the nature of the secondary lesion are highlighted in Chapter 4.
Altogether, our data provide strong evidence that UV-mediated cell death is not
an immediately irreversibly lethal event, but rather cell death occurs from an intracellular
process at a rate dictated by the energy availability to the bacteria. This irreversibly lethal
cell death is not only associated with inability to make CFUs but also associated with a
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global loss of sensitivity to external stimuli. Since cell death is occurring through an
energy-driven process that is likely triggered by, but not a direct consequence of the
original DNA photoproducts themselves, it is plausible that we may find novel drug
targets in bacteria through which similar irreversible lethality may be triggered without a
requirement for DNA damaging agents. Our work provides novel insights into the
kinetics of irreversible lethality in bacteria, and the ways in which we must conceptualize
cell death triggered by genotoxic stressors.
3.5 Materials and Methods
3.5.1 The synthetic circuit strain.
The design of the synthetic circuit is as described in our previous publication. 134
Briefly, in this MG1655 strain (relevant genotype lexAtev

S119A

torT::FRT sulA+) the

wild-type lexA locus is replaced with an engineered lexAtev S119A variant which has a TEV
protease cleavage sequence in the LexA flexible linker, and has an S119A mutation
which renders the protein incompetent for auto-cleavage. In all experiments unless
otherwise noted, this strain is co-transformed with two plasmids, a pMG81 plasmid
containing TEV protease under the control of the tetA promoter, as well as a PrecA-GFP
plasmid obtained from the Open Biosystems E. coli promoter collection (Thermo
Scientific).112
3.5.2 Survival assays and determination of half-life.
Overnight cultures of the synthetic circuit strain were diluted 1:100 in 10 mL of
1X MM (1X M9 minimal media salts, 10 mM MgSO4, 1 mM CaCl2, 0.2% glucose, and
0.1% casamino acids, with 30 g/mL kanamycin and 100 g/mL ampicillin for plasmid
maintenance) and shaken at 37° C. At mid-log phase, 1 mL of cultures were transferred
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to 24-well plates either in the presence or absence of ATc (0.02 g/mL). Cultures were
then exposed to UV light and initial survival was determined by immediately serially
diluting in 1X PBS +/- ATc, then plating on LB agar plates with 100 g/mL ampicillin,
30 g/mL kanamycin, and +/- 0.02 g/mL ATc. The 24 wells plates were then incubated
at 37° C. Every 30 minutes for 3 hours, survival was reassessed by repeated serial
dilutions. For delayed SOS activation, the previously ATc - culture was also serially
diluted in 1X PBS + ATc, and plated onto LB agar plates + 0.02 g/mL ATc at each time
point.
Plates were allowed 24 hours of growth before counting through a combination of
manual counting and OpenCFU software. Fold-survival curves were obtained by dividing
the CFUs/mL for each SOSdelayed colony count by its corresponding SOSoff control, then
plotting the fold-survival over time. To determine the half-life, the data were fitted in
Prism software to a one-phase exponential decay model constrained to a plateau = 0, to
assume a complete loss of viability.
For survival assays in the absence of nutrition, mid-log phase cultures were
pelleted by centrifugation at 7600 x g at 37° C, then resuspended in 10 mL 1X MM not
supplemented with 0.2% glucose or 0.1% casamino acids (or supplemented with either
glucose or casamino acids alone). 1 mL of cultures were then transferred to 24-well
plates and exposed to UV light as above.
For survival assays in the presence of small molecule inhibitors, cultures were
grown to mid-log phase, transferred to 24-well plates, and exposed to UV light.
Immediately after UV light exposure, either chloramphenicol (10 g/mL) or novobiocin
(2 mg/mL) were added to the culture media prior to the first round of serial dilutions.
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3.5.3 Cell-based fluorescent assays.
Mid-log phase cultures with either the PrecA-GFP or Plac-GFP reporter were grown
in 3 mL of 1X MM were transferred to a 96-well plate in 100 L. Plates were then
exposed to 50 J/m2 UV light. Every 30 minutes (starting immediately after UV exposure),
0.02 g/mL ATc was added to a previously ATc- control. 1.5 hours after ATc addition,
the ATc+ culture along with an ATc- control were pelleted by centrifugation at 7600 x g
and resuspended in 1X PBS with 1% paraformaldehyde. Single-cell GFP fluorescence
was analyzed using a FACSCalibur (BD Biosciences) and analyzed using FlowJo
software.
3.5.4 Microscopy.
An agar mount was prepared by dissolving 1% SeaKem GTG Agarose (Lonza) in
3 mL of 1X MM in a clear 35 mL FluoroDish Cell Culture Dish (WPI). 1 mL of mid-log
phase culture was transferred to a 24 well plate and exposed to 30 J/m 2 UV light. 10 L
of cells were transferred to the bottom of the agar slab, which was mounted on an
Olympus IX81 inverted microscope with 100 W mercury lamp (Olympus), UplanApo
100X NA 1.35 oil immersion objective (Olympus), and SensiCam QE CCD camera
operated at -12 C (Cooke). Cultures were continuously monitored by light microscopy at
single cell resolution using IPLab v3.7 software (BD Biosciences). ATc was added over
the agar mount at 0, 0.5, 1, and 1.5 hours after UV exposure. Cells were monitored for up
to 2 hours following ATc addition, and each individual cell observed from the time of
UV exposure was scored for its ability to either filament and/or divide >2 times.
3.5.5 Growth curves.
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Mid-log phase cultures in 1X MM were pelleted by centrifugation at 7600 x g for
10 minutes at 37° C. Cultures were resuspended in 1X MM +/- glucose and +/- casamino
acids. 100 uL of cultures were then transferred to a 96 well plate and were subsequently
exposed to 50 J/m2 UV light. OD595 of cultures was monitored every 5 minutes for 3
hours using an Infinite F200 Pro plate reader (Tecan), and analyzed via i-Control 1.10
software (Tecan).
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Chapter 4: Future Directions and Concluding Remarks
In this work, we aimed to design a synthetic circuit through which we could
activate the prokaryotic SOS DNA damage response without a requirement for DNA
damage. Our motivation for doing so was to design a novel synthetic biology tool to
study outcomes of SOS pathway activation independent of alternative processes that
occur following DNA damage and RecA* activation. In Chapter 2, we began by
describing the design and validation of the synthetic circuit. We engineered an
exogenously cleavable variant of the master SOS regulator LexA, called LexAtev, in
which the native linker region connecting the N- and C-terminal domains was replaced
with a linker containing the recognition site for TEV, a highly specific protease. We
completed the design of the circuit by placing TEV on a plasmid under the control of the
small molecule anhydrotetracycline (ATc). Despite our protein alterations, we found that
LexAtev retained wild-type NTD DNA-binding and CTD protease activities while
acquiring the novel function of TEV cleavability, showing that our protein alterations did
not affect native functions and simultaneously allowed for orthogonal cleavage. We
embedded our synthetic circuit into E. coli strains, and subsequently showed that
activation of the synthetic circuit mimics activation of the native circuit. Strains
engineered with the synthetic circuit demonstrated small-molecule inducible expression
of SOS genes, inducible activation of DNA repair, and inducible mutagenesis that was
dose-dependent on UV light, validating our design.
Exploiting our ability to activate the SOS pathway independent of upstream
events, we then utilized our synthetic circuit to elucidate the molecular requirements for
SOS-mediated mutagenesis. We activated our synthetic circuit in the absence of UV light
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and found that activation of the SOS pathway on its own is not sufficient for the
heightened mutagenesis that is typically seen during native pathway activation after DNA
damage. To further determine whether RecA* or DNA damage was required for
mutagenesis, we performed our assays in the presence of constitutively active RecA*,
and found that SOS activity was still insufficient for accelerated mutagenesis, pointing to
a requirement for DNA damage. Our results therefore demonstrate the importance of
DNA damage for error-prone replication through the SOS pathway, supporting a model
where DNA lesions provide a nidus for mutation around which SOS-mediated translesion
synthesis may initiate replication and induce mutagenesis.
In Chapter 3, we further utilized our synthetic circuit to uncover the kinetics of
UV-induced cell death and the timeframe in which repair must occur for survival from
genotoxic stress. We exploited the ability of our circuit to temporally separate UVinduced DNA damage from the timing of SOS activation, and probed the kinetics of UVinduced cell death by measuring survival after a delayed onset of repair through the SOS
response. We found that delaying SOS activation results in a rapid time-dependent loss of
viability, and we determined the rate at which UV-induced damage becomes irreversibly
lethal within the population, even if repair is re-activated. This lethality is not dependent
on the dose of UV light, but rather is associated with the carbon-energy availability of the
cell. However, the rate of decay is not dependent on protein synthesis or DNA
replication, suggesting an alternative energy-dependent process that is responsible for this
loss of viability. Our data thus uncovered the kinetics of UV-induced cell death, and
sheds light on some of the potential mechanisms by which UV light leads to death.
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Overall, this work describes the design and several applications of our synthetic
biology tool, demonstrating its broad utility into the study of the SOS pathway. In this
section, I will first describe current directions to improve the design of the synthetic
circuit, and design features which were not highlighted in Chapter 2. I will then discuss
future directions to address unanswered questions arising from the studies described in
Chapter 3. Finally, I will discuss further applications of the synthetic circuit in E. coli, the
potential to move the circuit into other organisms, and conclude by highlighting the
potential to design analogous synthetic circuits for control of other bacterial pathways.
4.1 Further Refinement and Optimization of the Synthetic Circuit
Our synthetic circuit design as described in Chapter 2 allows robust activation of
the SOS pathway in response to ATc, but further refinement could allow greater precision
and utility for the circuit. First, in our current design, ATc-controlled TEV protease is
expressed off of a medium-copy plasmid maintained by ampicillin selection. Copy
number variability may alter the degree of TEV expression in response to ATc, and also
potentially the degree of SOS activation.151 Further, plasmids require antibiotic
administration, which hampers design efforts if one wished to introduce other plasmids
into the strain. These problems may be alleviated by chromosomal integration of the TEV
plasmid, giving only a single copy of the gene. While there would be a significant
decrease in the gene copy number for TEV in the cell, our data showing rapid saturation
of TEV expression in response to ATc suggest that even a low copy number of TEV may
be sufficient for robust expression. Efforts are underway to stably integrate the ATcinducible TEV plasmid into the E. coli chromosome by moving the inducible operon into
a modified CRIM plasmid.152 These plasmids may be chromosomally integrated into
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phage lambda attachment sites (attP), allowing stable integration of our plasmid into the
genome.
The titratability of the orthogonal SOS response is another avenue to explore to
broaden the utility of our synthetic circuit. Our Western blot data in Chapter 2 (Figure
S6) showed that titrating the dose of ATc may give an intermediate degree of TEV
expression and LexA cleavage. Further, LexA reaccumulates at a faster rate at lower
doses, suggesting a shortened SOS response. In the current iteration of our synthetic
circuit, we are treating our degree of SOS activity as an all-or-nothing response that
correlates with native SOS activation after exposure to ~5 J/m2 UV light. To correlate the
shortened SOS response with a corresponding UV dose, we could similarly activate the
synthetic circuit with lower amounts of ATc (e.g. 0.01, 0.005, or 0.002 g/mL ATc) and
perform flow cytometry analysis side by side with cells damaged with a titration of UV
light. By determining the corresponding UV dose with titrating amounts of ATc, we may
be able to use our synthetic circuit to examine phenotypes with an intermediate degree of
SOS activation.
Our synthetic circuit is designed to activate the SOS pathway independent of
DNA damage and RecA*, bypassing the effects of alternative pathways activated by
these two effectors. To further study the interactions between SOS pathway genes and
these alternative pathways, it would be beneficial to have a system wherein DNA
damage, RecA* filamentation, and LexA cleavage may all be induced independently. In
the current system, we employed a constitutively activated variant, RecA730. 153 The
synthetic circuit design could be enhanced by allowing small-molecule activation of
RecA*. Rather than chromosomally integrating the recA730 allele, it is possible to
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introduce recA730 on a plasmid under the control of another small molecule inducer,
such as IPTG or L-arabinose,154 in a recA background, or potentially a recAWT
background, given the RecA730 potential dominant effect over the WT allele upon
expression. In such a strain, DNA damage, RecA* activation, and LexA cleavage could
all be induced independently of each other, allowing further insights into the interactions
between alternative pathways triggered by these effectors.
As a last feature in design refinement, in our current system, while our work
presented here was focused on activation of the SOS pathway, the design of our circuit
also allows for deactivation of the SOS response, a phenotype which has yet to be
explored. Studies into the deactivation of the SOS pathway are important to understand
phenotypes that may be associated with prolonged versus shortened pathway activation,
and the effects of prematurely quenched DNA repair in the face of continuous DNA
damage. To that end, our circuit relies on overexpression of TEV protease to activate the
SOS pathway. Typically, this overexpressed protein would accumulate in a cell; however,
we placed a degron tag on TEV (initially to reduce TEV expression at baseline), which
signals the protein for proteolysis and greatly increases protein turnover. 111 Because of
this, when the ATc-inducing signal is washed away, TEV protease may get degraded to
deactivate the response.
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Figure 13. Deactivation of the SOS pathway. Cultures were grown in minimal media +ATc for 2 hrs
before being spun down and resuspended in ATc+ media or ATc- media to deactivate the SOS pathway.
(a) The fluorescence intensity normalized to OD595 was monitored over time. Error bars represent the SD
across 3 different replicates. (b) The first derivative of the FI/OD curve was taken over time to determine
the promoter activity. Values >0 indicate promoter activation while values <0 indicate an inactive
promoter.

We tested the ability to deactivate the SOS pathway using our P recA-GFP reporter.
Overnight cultures were diluted 1:50 in minimal media with ATc to induce the SOS
response, or in a ATc- control (ATcnever). Fluorescence intensity of the PrecA-GFP reporter
was continuously measured over time, and normalized to the OD595 of the growing
culture. 2 hours after growth, the previously ATc+ sample was spun down and
resuspended in either ATc+ (ATcalways) or ATc- media (ATcremoved) to deactivate the SOS
response. Over the next 3 hours, the ATcalways condition continued to increase in
fluorescence intensity, while the ATcremoved condition plateaued before expression began
to decrease (Figure 13). To determine the promoter activity of the P recA-GFP reporter
over time, the first derivative of the FI/OD growth curve was taken. After 2 hours, the
ATcalways condition had a small decrease in the promoter activity (likely related to stress
induced during centrifugation and resuspension) before once again seeing an increase in
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promoter activity. However, the promoter activity of the ATcremoved condition sharply fell,
eventually having no detectable promoter activity within 1 hr of ATc withdrawl. This
indicates that in addition to allowing activation of the SOS pathway, our synthetic circuit
also allows the potential for pathway deactivation in a continuous culture.
4.2 Determining the Mechanism of UV-Induced Cell Death
In Chapter 3, we aimed to elucidate the kinetics of the irreversible lethality caused
by UV photoproduct DNA lesions. We found that the rate at which damage becomes
irreversibly lethal correlated with the carbon-energy availability of the culture, suggesting
that cell death was occurring as a result of an energy-dependent process. Our data support
a model wherein the primary lesion of UV photoproducts is a reversibly lethal lesion
which can be resolved by DNA repair mechanisms. However, in the absence of repair,
this primary lesion at a certain point of no return leads to the formation of a secondary
lesion, an irreversibly lethal event which cannot be resolved even following repair of the
primary lesion. We aim to determine the nature of this secondary lesion, and the
mechanism by which cells switch from a reversibly lethal to an irreversibly lethal status.
There are at least three broad mechanisms through which we could envision irreversible
cell death occurring as a result of UV photoproduct lesions: the formation of double
strand breaks, protein and lipid damage secondary to the accumulation of reactive oxygen
species, and the activation of programmed cell death pathways.
UV photoproducts have previously been shown to lead to DSB formation and
chromosomal fragmentation, and as such it has been hypothesized that DSB formation
secondary to the primary UV photoproduct lesion is ultimately the mechanism
responsible for cell death.18,19 There are two proposed mechanisms by which DSBs may
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form from single-stranded DNA photoproducts: First, stalled replication leaves a 3’
overhang at the site of the lesion; a replication fork performing a subsequent round of
replication can cause a DSB by completing replication on this partially synthesized
strand.20 Second, it has been shown that DSBs form at sites of replication fork arrest; 21 it
is thought that incomplete repair mechanisms may form DSBs through the actions of
endonucleases recruited to the arrested fork. While there is some capacity for cells to
repair DSBs,155 it has also been shown that a significant fraction of cells with DSBs enter
a state similar to cellular senescence, with decreased metabolic activity and inability to
form CFUs but maintaining active membranes, not dissimilar to the global promoter
silencing seen in our data.19
We can directly measure the frequency of DSB formation to determine if this
correlates with the onset of irreversible lethality. To determine if UV photoproducts are
leading to DSB formation within the time frame we observe, we can measure the
formation of DSBs using genomic extraction followed by pulsed field gel electrophoresis
(PFGE), which can detect breaks in the genome and has been used previously to quantify
the frequency of DSBs in a population.156,157 In an analogous experiment to our survival
curves from Chapter 3, mid-log phase cultures may be damaged in the absence of ATc,
and then after a delay ATc may be added to the culture media to activate the SOS
pathway. Rather than monitor CFU formation or expression of a GFP reporter, these
cultures may instead be spun down and prepared for PFGE. We first expect to see a timedependent increase in the frequency of DSBs in the absence of repair. We hypothesize
that addition of ATc will prevent the formation of DSBs, but that with an increased delay
the fraction of genomes with DSBs will increase, which cannot be reversed with ATc
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addition. We could thus correlate the formation of DSBs with the onset of irreversible
lethality.
The formation of reactive oxygen species (ROS) is another putative mechanism
which could lead to irreversible lethality within a cell. While UV light may form ROS
and free radicals on its own,6 prior studies have further suggested that DNA damage may
cause the accumulation of ROS through downstream cellular processes, and this may be a
common mechanism of cell death for a number of DNA damaging agents and other
antibiotics.28–30 These ROS are thought to be formed by a breakdown of iron regulatory
mechanisms and hyperactivation of cellular metabolism through the ArcAB system,
ultimately resulting in free radical production through the Fenton reaction between
ferrous iron and H2O2.31–33 Accumulation of ROS and free radicals not only can further
damage DNA but also proteins (especially those with iron-sulfur clusters) 25 and lipids as
well. Studies have suggested that free radical chelators are protective against UVmediated damage, putatively linking irreversible lethality with the build-up of ROS and
free radicals.130,158
To determine if ROS and free radical formation is related to the onset of
irreversible lethality, we can monitor the formation of ROS over time using the
fluorescent probe hydroxyphenyl fluorescein (HPF), which fluoresces after reacting with
hydroxyl radicals and can monitor ROS formation.131,159 We would expect that in the
absence of repair, ROS will accumulate over time, but with active repair in the presence
of ATc there would be significantly less ROS formation as timely repair prevents the
formation of these secondary lesions. With a delay, we would expect that the fraction of
cells without ROS in the SOSdelayed condition will decrease, as these products already
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have accumulated and repair of the primary lesion is no longer protective. To further
prove a mechanistic link between irreversible lethality and ROS, we can perform survival
curves in the presence of hydroxyl radical scavengers, such as thiourea. 160 We expect that
addition of thiourea would extend the window of time in which repair may rescue the
cells from irreversible lethality by quenching hydroxyl-radical mediated damage that
occurs.
A final putative mechanism we may examine that can lead to irreversible lethality
is programmed cell death. Recently, it has been proposed that prokaryotes may possess
cell death pathways that function much like apoptosis in eukaryotic cells. Two systems of
cell death have been described.36 Apoptosis-like death (ALD) is thought to be an SOSrelated cell death pathway that activates in response to DNA damage and results in
hallmarks of eukaryotic apoptosis including outer membrane phosphatidyl serine
exposure,

formation

of

ROS,

membrane

depolarization,

and

chromosomal

fragmentation.132 Programmed cell death (PCD) occurs through overaccumulation of a
toxin protein in a toxin/antitoxin system which results in global transcriptional silencing
of nearly all mRNAs, except for a small number thought to be responsible for
programmed cell senescence and death.37,161 In addition to transcriptional silencing, PCD
is also associated with chromosomal fragmentation, and the generation of ROS. 31
To determine if irreversible lethality is occurring through a programmed cell
death pathway, we could look for hallmarks of ALD and PCD. We can examine two
hallmarks of ALD by flow cytometry. Exposure of phosphatidyl serine at the outer
membrane can be visualized by incubation with fluorescent Annexin V, a human
anticoagulant which binds phosphatidyl serine with high specificity. 162 Second,
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chromosomal fragmentation can be analyzed by TUNEL staining and subsequent flow
cytometry.38 If irreversible lethality were related to ALD, we would expect to see the
emergence of ALD phenotypes in cells over time. Much like our P recA-GFP studies, we
expect that a biphasic population of ALD+ and ALD- cells would emerge correlating with
“non-responders” and “responders” to ATc. Finally, to instead examine PCD, a recent
transcriptome analysis revealed potential proteins involved in PCD following DNA
damage, including SlyD, YgcR, and YbfU.161 We could similarly perform qRT-PCR to
determine expression of these proteins after UV light, and perform survival assays in the
setting of knockouts of these proteins. These experiments may elucidate the potential role
for both ALD and PCD in inducing irreversible lethality in a DNA damaged population.
4.3 The SOS pathway and filamentation
Our synthetic circuit stands poised as a tool to study other phenotypes of the SOS
pathway beyond those involved with DNA repair and mutagenesis. A prominent SOS
phenotype which generates a significant amount of interest is cell filamentation mediated
by the SulA protein.55 SulA is considered a cell cycle checkpoint protein,163 which
prevents formation of the septation ring during cell division by inhibiting the septation
regulator FtsZ.164 In doing so, when cells are unable to complete replication of their
genomes while awaiting repair, cell division inhibition prevents the cell from budding off
an anucleate cell while sister chromosomes are unable to separate. The phenotypic result
of inhibited cell division is filamentation, in which cells continue to elongate until
chromosomal replication completes. Filamentation has recently been linked to increased
host immune evasion and the acquisition of antibiotic resistance, underscoring a vital role
for filament formation in the genotoxic stress response.165,166 Despite its vital functions,
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the mechanisms of regulation of SulA are not well understood and are an area of
continued interest.
Overexpression of SulA induces cell filamentation even in unstressed cells. 167
Indeed, cells with a deletion in lexA are non-viable without a concurrent sulA deletion, as
these cells will continue to filament without dividing and as such cannot form CFUs.
However, overexpression of SulA through these methods does not represent SulA
activation at physiological concentrations, nor does it represent SulA activation in the
context of the natural SOS pathway. To that end, we asked whether SOS activation on its
own was sufficient for filamentation. In order to visualize filamentation, we used phase
contrast microscopy as in Chapter 3 to continuously monitor the formation of filaments
over time. Cultures of the synthetic circuit strain were grown to mid-log phase and ATc
was added with or without concurrent UV exposure before mounting on an agar slab. The
cultures were continuously monitored for 2 hrs to observe filamentation (Figure 14).
Cultures exposed to both ATc and 30 J/m2 UV light formed long filaments over time, as
expected. Interestingly, in the absence of UV, the addition of ATc was not sufficient for
filamentation. Thus, activation of the SOS pathway in the absence of DNA damage or
activated RecA is not sufficient for filamentation.

Figure 14. Filamentation through the synthetic circuit. Strains were damaged with the UV dose
indicated and the synthetic circuit was concurrently activated with ATc. Shown are representative
image fields 2 hrs after UV exposure. Arrowheads indicate the formation of short filaments.
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Since the phenotype of filamentation seemed to require DNA damage, we next
asked if filamentation were dependent on the dose of UV light. Cultures were damaged
with a low dose (5 J/m2) of UV light in the presence of ATc before imaging. We found
that small filaments were capable of forming under these conditions (arrowheads),
potentially indicating a UV-dose dependence on filamentation.
These results suggest that regulation of filamentation is not due to differential
degrees of SOS activation, but rather is regulated in another way that is dependent on the
extent of DNA damage. As SulA is considered a cell cycle checkpoint protein, it is
plausible that its activity is regulated by an unknown factor that modulates its activity
based on the extent of remaining damage. In this way, a greater extent of DNA damage
would maintain SulA activity longer, to prevent septation repair is complete, while SulA
may be inactivated faster with less DNA damage as the damage is repaired faster.
Further studies may determine the mechanistic basis of filamentation regulation.
This regulation could be either through repression of SulA transcription or translation, or
post-translational inhibition of protein activity. SulA is known to be regulated by Lon
protease, a non-SOS controlled ATP-dependent serine protease which degrades
SulA.55,168 Lon is also known to modulate the activity of other SOS pathway genes,
including RecA, suggesting a possible link as a sensor of the extent of DNA damage. 169
We hypothesize that Lon protease activity may degrade SulA in unstressed conditions,
suppressing filamentation in the absence of damage. This degradation could be repressed
in DNA damaged conditions, allowing the filamentation phenotype. To test this
hypothesis, we could first determine the degree of SulA expression during SOS activation
in the presence and absence of UV light by monitoring the mRNA and protein
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concentrations of SulA by qRT-PCR and Western blotting, respectively. 170,171 To
determine the role of Lon protease in SulA activity, we may utilize Lon inactivating
mutants and study the formation of filaments in this genetic background. 169 We aim to
examine SOS-activated cells via light microscopy in the lon mutant background, and
expect to see increased filamentation of these strains even in the absence of UV light. In
doing so, we may further understand regulation of SulA and elucidate the mechanisms
underlying this important SOS phenotype.
4.4 The SOS Pathway, Pseudomonas, Biofilms, and the Mucoid Conversion
The first iteration of our synthetic circuit was designed in E. coli because of its
status as a classical model gram-negative organism and for its significant genetic
tractability. However, it is certainly possible to move this circuit into other species of
prokaryotes. Indeed, the design of the cleavable LexAtev protein is likely highly adaptable
for other organisms. One of the bases for the design of our synthetic circuit was the
observation that the linker region of LexA homologs across bacterial species was poorly
conserved, and that because of this poor conservation these linkers were likely amenable
to alterations, not only within the E. coli LexA protein but potentially in other species as
well. Thus, to engineer a TEV-cleavable LexA in other species, the linker region of those
LexA proteins, like in E. coli, may be modified by first replacing the native linker with
the M. tuberculosis linker scaffold, and then embedding the TEV recognition site within
that sequence. While TEV protease expression and activity have not been thoroughly
investigated across prokaryotic species, given its high activity in both E. coli and
eukaryotic cells it is likely that TEV will be active in other prokaryotes as well.
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A clinically relevant species, with some degree of genetic tractability, which is an
ideal candidate for the next synthetic circuit is the Gram-negative nosocomial pathogen
Pseudomonas aeruginosa.172 While there are only 15 genes in the SOS regulon of
Pseudomonas (compared to ~40 in E. coli),173 activation of the SOS pathway in this
organism is associated with two clinically relevant phenotypes which are markers of
disease: biofilm formation, and mucoid conversion.61,174
Biofilms are a clinically important feature associated with antimicrobial
resistance. Biofilms are comprised of a structured community of organisms which
surround themselves with extracellular polymeric substances (EPS), which facilitate
adherence to extracellular surfaces.175 The formation of these communities is protective
against antibiotics through a combination of decreased antibiotic penetration, altered
metabolic rates, and increased rates of persistence, highlighting a need to understand
mechanisms of biofilm formation.176 It is known that DNA damaging antimicrobials can
directly cause stress-inducible biofilm formation in a number of prokaryotic species. 177
Interestingly, stress-induced biofilm formation is reduced in Pseudomonas lexAS125A
strains which cannot activate the SOS response, though the mechanism remains poorly
understood;178 it is thought that biofilm formation may be stimulated by alterations in
flagellar movement that is dependent on LexA cleavage for activity. 179 Typically, studies
into stress-induced biofilm formation rely on ciprofloxacin, hydroxyurea, or other
antibiotics to stimulate the formation of biofilms, significant stressors which can
confound observed phenotypes.61 There have been attempts to create a constitutive stressinduced biofilm forming bacterial culture by using a lexA strain; however, this strain
poorly formed biofilms even in the presence of DNA damaging agents, suggesting that
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complete SOS dysregulation was insufficient to induce biofilm formation. 178 As such, it
is unclear whether activation of the SOS pathway alone is sufficient for the induction of
biofilms.
Our synthetic circuit may offer a means to induce biofilms without a requirement
for genotoxic stressors. After constructing and validating the synthetic circuit within a
Pseudomonas strain, we can add ATc to the strain and monitor the formation of biofilms
over time to determine if SOS pathway activity is sufficient for biofilm formation. From
there, we can probe other molecular requirements for biofilm formation, through targeted
knockdown of potential factors (such as flagellar proteins), 179 pulldown of outer
membrane proteins expressed through DNA damage-induced or synthetic circuit-induced
SOS response, or perform transcriptome analysis in these conditions. Overall, by utilizing
the synthetic circuit, we may be able to identify whether biofilm formation is occurring
specifically through the SOS pathway, or whether DNA damage and alternative pathways
activated during the genotoxic stress response may also be necessary for biofilms.
Another clinically relevant phenotype to explore in Pseudomonas with this
synthetic circuit is mucoid conversion, a Pseudomonas phenotypic variant which emerges
during chronic infection in the respiratory tract of cystic fibrosis (CF) patients. 180 These
variants overexpress exopolysaccharide alginate in biofilms and are seen as a poor
prognostic indicator.181 Mucoid conversion occurs almost exclusively through mutations
in the MucA protein,182 and this mutation often occurs in the setting of hypermutation
secondary to a loss of function of the mismatch repair protein, MutS. 183 Interestingly,
Pseudomonas mucoid conversion is drastically decreased in mutS mutant dinB strains.
Further, overexpression of DinB in the mutS mutant background heightens the rate of
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mucoid conversion, suggesting a link between SOS-mediated error-prone replication and
activation of this phenotype.174 Using our synthetic circuit, one could further probe the
molecular requirements of the conversion to mucoidy. Our studies in Chapter 2 suggest
that a DNA damaged nidus is necessary for the heightened mutation frequency seen
during SOS pathway activation. However, it is possible that interactions in a mutS mutant
background may lead to altered dynamics of DinB in this hypermutable strain, leading to
heightened mutagenesis. As in our studies in Chapter 2, we could likewise probe the
molecular requirements for mucoid conversion, to see if this phenotype may require
DNA damage, or whether the activity of DinB in the context of the SOS pathway on its
own in sufficient for this phenotype to emerge in the mutS hypermutable background. In
doing so, we may discover if any other factors are required for this phenomenon and
further identify DinB as a potential therapeutic target to prevent the emergence of
mucoidy.
4.5 Synthetic Circuit for non-SOS Genetic Circuits
Our synthetic circuit concept may also be applied to analogous prokaryotic
pathways. There is some precedent for the use of TEV protease in synthetic genetic
circuits in mammalian cells, in which transcription factors were connected by TEVcleavable linkers to protein inhibitors, such that release of these synthetic transcription
factors would be halted until TEV protease were orthogonally activated to cleave the
fusion protein at the intended site.184,185 Our synthetic circuit, instead of relying on fusion
proteins, engineers the TEV cleavage site directly into the natural sequence of our protein
of interest, representing a novel use of TEV protease for orthogonal control of a pathway.
Our synthetic circuit design could be broadly applied to other prokaryotic pathways in
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which protein cleavage and subsequent loss of dimerization may de-repress the promoters
of that pathway. Given the high prevalence of dimeric transcription factors structurally
similar to LexA,186 there are a great number of potential pathways which may be coopted
under TEV-mediated control.
As an example, a common mechanism to regulate metabolic pathways is
metabolite mediated inactivation of specific dimeric transcriptional repressors. The sialic
acid N-acetyluraminate binds to and inactivates the transcriptional repressor NanR,
converting the protein from a dimer to inactive monomers that can no longer bind DNA,
thereby de-repressing sialic acid utilization pathways.187 Analogously to our LexA
protein, the crystal structure of NanR consists of a DNA-binding domain (DBD)
connected via a short solvent exposed linker to the ligand-binding domain (LBD) which
also contains the dimerization interface.188 By introducing a TEV-cleavage site into the
L6 linker connecting the two domains, one could design a synthetic circuit to allow
activation of the sialic acid operons independently of the native small molecule. As this
method of repression is common in prokaryotes, one could conceive any number of TEVmediated synthetic circuits which may be constructed.
This synthetic circuit design may also be adapted to allow regulation of other
stress response pathways, notably the oxidative stress response pathway. The chief
regulator of the oxidative stress response pathway is OxyR, a transcription factor in the
largest family of prokaryotic transcription factors known as the LysR-type transcriptional
regulators (LTTRs).189 These factors are composed of N-terminal DNA binding domains
connected to C-terminal cofactor binding (CBD) domains, and ligand binding to these
transcription factors typically results in dimerization, at which point they may function as
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transcriptional activators. In the case of the oxidative stress response, OxyR is activated
by binding of H2O2 to cysteines within its active site, inducing a conformational change
in its DBD allowing DNA-binding.190 By introducing a TEV cleavage site into the linker
region between the DBD and CBD, it is possible to separate dimerization from DNA
binding. This could allow deactivation of OxyR activity by induction of TEV protease,
permitting deactivation studies like those proposed in Chapter 4.1 to study the outcomes
of prematurely quenched stress responses.
4.6 Concluding Remarks
Prokaryotes respond to the threat of genotoxic stress by activating stress response
pathways which mount a rapid, appropriate response to facilitate survival. Chief among
those is the SOS pathway, mediating error-free and error-prone repair, among other
phenotypes that allow the bacteria to protect themselves from sources of DNA damage.
This pro-mutagenic repair pathway is widely conserved across nearly all prokaryotic
species, and has been implicated in the acquisition of antibiotic resistance, highlighting
the importance of understanding the role of the SOS pathway in the DNA damage
response. However, the complete response to genotoxic stress is multifactorial, with a
complex web of pathways activating in response to the stressor individually, as well as
through cross-talk with other pathways, in a manner which can alter expression of up to
1/3 of the bacterial genome. Parsing out the phenotypes attributable to individual
pathways is difficult, and requires unconventional experimental approaches beyond
classical genetic methods. The studies presented here aimed to design a synthetic circuit
that was developed to orthogonally control activation of this pathway, to be used as a
novel synthetic biology laboratory tool. By isolating activation of the SOS pathway from
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the inciting events of DNA damage and RecA* activation, we can better understand
phenotypes specifically attributable to the SOS pathway independent of alternative
pathways which activate during the genotoxic stress response.
In addition to presenting the design of our synthetic biology tool, our studies in
Chapter 2 raise interesting questions about the nature of mutagenesis that occurs through
the SOS pathway. Because overexpression of the error-prone polymerases increases the
mutation rate of E. coli, it has been assumed that activation of the SOS pathway in the
absence of DNA damage would be mutagenic on its own. However, our studies
surprisingly shown that in the absence of DNA damage, the SOS pathway is not
sufficient for mutagenesis, suggesting instead that a DNA damage nidus is important for
error-prone repair. We present a model where, in the absence of DNA damage, the
expressed error-prone polymerases are unable to interact with the replisome, which
continues vegetative replication without errors. However, on encountering a DNA lesion,
the error-prone polymerases may switch onto the stalled replication fork, thereby
allowing translesion synthesis and the subsequent introduction of errors. Further studies
can better understand the nature of damage-induced lesions to understand the
mechanisms of DNA damage induced antibiotic resistance.
Our studies in Chapter 3 also highlight the gaps in knowledge about the kinetics
and mechanisms of prokaryotic cell death. Despite the wealth of knowledge about DNA
lesions, repair pathways, and mechanisms of repair regulation, it is surprising how little is
understood about the fundamental question, how do bacterial die from genotoxic stress?
What are the triggers that lead to cell death in the case of genotoxic stress? How may a
double strand break lead to cellular lethality? What proteins may be responsible for the
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transition to an irreversibly senescent state? Is there a requirement for reactive oxygen
species? And more fundamentally, from an evolutionary standpoint, what would be the
advantage to programmed cell death in unicellular organisms? Our synthetic circuit
provides an innovative means of separating DNA damage from the DNA damage
response, allowing us to observe a population of cells in a quasi-living state, slated to die
but able to be rescued through activation of repair within a very narrow window of time.
Further studies into this interesting population may reveal insights into the sequence of
events that begins with UV-induced DNA photoproduct formation and ends with cellular
senescence and death.
Our studies represent just two of the many applications for our synthetic circuit.
We may continue to use our synthetic circuit to address unanswered questions concerning
the nature of mutations that arise through pathway activation, as well as questions
concerning the temporal requirements for DNA repair following UV damage. While the
SOS pathway is primarily thought of as a DNA repair pathway, our synthetic circuit can
further study the roles of this pathway in phenotypes unrelated to repair, such as biofilm
formation and cell filamentation in E. coli as well as other prokaryotic species. Through
the design of our tool, we stand poised to study all aspects of this critical prokaryotic
stress response pathway, and further understand the mechanisms underpinning bacterial
adaptation and evolution to genotoxic stressors.
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Appendix
Supplemental Material for Chapter 2.
Table S1. MG1655 strain variants used in this study, listed with their relevant
genotypes and the strain sources.
Strain Name
lexA
lexAWT
lexAS119A
lexAtev
lexAtev S119A
torT
lexAtev S119A sulA+

Relevant genotypes
lexA::Ics:cat (CamR), sulA::FRT
lexA+, sulA::FRT
lexAS119A, sulA::FRT
lexAtev, sulA::FRT
lexAtev S119A, sulA::FRT
torT::[FRT-kan-FRT] (KanR), sulA+
lexAtev S119A torT::FRT sulA+

SS4247

recA730 srlC300::Tn10 (TetR)
lexA+, sulA::FRT, recA730
srlC300::Tn10 (TetR)
lexAS119A, sulA::FRT, recA730
srlC300::Tn10 (TetR)
lexAtev, sulA::FRT, recA730
srlC300::Tn10 (TetR)
lexAtev S119A, sulA::FRT, recA730
srlC300::Tn10 (TetR)

lexAWT recA730
lexAS119A
recA730
lexAtev recA730
lexAtev S119A
recA730
Ics = I-sceI cut site

93

Source or Reference
Mo et. al, mSphere 201621
Mo et. al, mSphere 201621
Mo et. al, mSphere 201621
This study
This study
Baba et. al 201649
This study
Steven J. Sandler,
unpublished
Mo et. al, mSphere 201621
Mo et. al, mSphere 201621
This study
This study

Table S2. Rifampin resistance following native and synthetic circuit activation.
Viable cell count and the number of rifampin resistant revertants are reported, with each
value determined as an average of at least six replicates. The number of mutants per
starting population count was determined by normalizing the number of rifampin mutants
to corresponding undamaged control cell counts with or without ATc. The number of
mutants per viable cell count was determined by normalizing the number of rifampin
mutants to the viable cell count either with or without UV damage and ATc.
Genotype UV
ATc
Viable cell
Rifampin
log(mutants/ log(mutants
dose
log(CFU/mL)
mutants/mL
starting
/viable cell)
(g/uL)
2
(J/m )
population)
lexAWT
recAWT

lexAS119A
recAWT
lexAtev
S119A

recAWT
lexAWT
recA730

lexAS119A
recA730

lexAtev
S119A

recA730

0
0
10
10
0
0
10
10
0
0
10
10
0
0
10
10
0
0
10
10
0
0
10
10

0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02
0
0.02

8.2 ± 0.4
8.1 ± 0.6
7.9 ± 0.7
7.8 ± 0.7
8.0 ± 0.8
7.6 ± 1.1
6.8 ± 0.7
6.8 ± 1.0
8.1 ± 0.3
8.3 ± 0.1
6.9 ± 0.5
8.0 ± 0.2
8.3 ± 0.1
8.2 ± 0.1
8.2 ± 0.2
8.2 ± 0.1
8.2 ± 0.1
8.3 ± 0.2
7.2 ± 0.1
7.2 ± 0.1
8.2 ± 0.2
8.4 ± 0.2
6.8 ± 0.2
7.8 ± 0.2

7.4 ± 3.9
8.2 ± 6.2
26 ± 6.7
13 ± 6.7
15 ± 9.6
15 ± 10
5.0 ± 5.0
3.4 ± 3.4
5.8 ± 2.1
6.2 ± 1.4
1.8 ± .61
57 ± 21
140 ± 23
140 ± 23
150 ± 20
146 ± 26
14 ± 4.0
14 ± 6.3
6.8 ± 3.5
6.5 ± 1.0
6.3 ± 2.4
6.1 ± 2.2
2.2 ± 1.4
71 ± 13
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-6.9 ± 0.2
-7.0 ± 0.2
-6.3 ± 0.3
-6.7 ± 0.3
-6.9 ± 0.7
-6.9 ± 0.8
-7.5 ± 0.5
-7.7 ± 0.5
-6.8 ± 0.2
-6.9 ± 0.1
-7.3 ± 0.2
-6.0 ± 0.1
-5.5 ± 0.1
-5.5 ± 0.2
-5.5 ± 0.1
-5.5 ± 0.2
-7.0 ± 0.1
-7.2 ± 0.2
-7.4 ± 0.3
-7.5 ± 0.1
-6.9 ± 0.3
-7.0 ± 0.2
-7.4 ± 0.2
-6.0 ± 0.1

-6.9 ± 0.2
-7.0 ± 0.2
-6.1 ± 0.3
-6.4 ± 0.3
-6.9 ± 0.7
-6.9 ± 0.8
-6.1 ± 0.5
-6.6 ± 0.5
-6.8 ± 0.2
-6.9 ± 0.1
-6.1 ± 0.4
-5.6 ± 0.1
-5.5 ± 0.1
-5.5 ± 0.2
-5.4 ± 0.2
-5.4 ± 0.1
-7.0 ± 0.1
-7.2 ± 0.2
-6.5 ± 0.3
-6.4 ± 0.1
-6.9 ± 0.3
-7.0 ± 0.2
-6.0 ± 0.2
-5.3 ± 0.2

Figure S1. Alignment of the LexA sequences. LexA homologs spanning Gramnegative, Gram-positive, and mycobacterial organisms were aligned (410 total
sequences). Highlighted are the conserved NTD (light purple) and CTD (dark blue),
connected by a flexible, poorly conserved linker (orange). Plotted is the percent identity
at each amino acid residue calculated by Jalview software. The alignment is indicative of
the variable length and poor conservation of the linker region relative to the NTD and
CTD.
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Figure S2. DNA binding of LexA variants. (a) Quantified binding of LexA
variants to radiolabeled 44-bp duplex DNA containing an SOS consensus box
sequence. The data were fit to the one-site, specific binding equation in Prism
software, and the associated Kd values are reported in Table 1. Error bars represent
standard error across at least 4 independent replicates. (b) Specificity of LexA
binding. Binding of LexAtev across a range of concentrations to either the 44-bp
duplex containing the SOS consensus box sequence, alone or in presence of an
excess of unlabeled sonicated salmon sperm DNA (sssDNA), or to a 44-bp duplex
containing a scambled operator sequence.
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Figure S3. LexA cleavage in the presence of DNA. Purified LexA proteins (5 μM) were
incubated with or without activated RecA* (top) or TEV (bottom), in the presence of
either excess (10 μM) SOS operator DNA or a scrambled operator DNA, before
visualization on an SDS-PAGE gel.
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Figure S4. Quantification of self-cleavage rates for LexAWT and LexAtev. Selfcleavage occurs spontaneously when incubated under alkaline (pH = 10.6) conditions.
The data were fit to first-order cleavage kinetics using Prism software, and the rates are
reported in Table 1. Error bars represent standard error across at least 3 independent
replicates.
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Figure S5. Plasmid map and sequence of the TEV containing pMG81 vector, with
associated features highlighted. Plasmid map was assembled with SnapGene Viewer
software (from GSL Biotech; available at snapgene.com).
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Figure S6. GFP reporters for induction of the native and synthetic SOS circuits in
vivo. Strains containing the LexA variants and an ATc-inducible TEV expression
plasmid were evaluated for GFP expression from a series of SOS reporter plasmids,
representing a range of induction kinetics. Analysis was performed one hour after
exposure to UV light (5 or 50 J/m2) or ATc (0.02 g/mL). Shown are representative
histograms of single-cell GFP fluorescence for untreated (light gray) or treated (dark gray
and orange) cells. The PrecA-GFP data are reproduced from Figure 3 for ease of
comparison.
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Figure S7. Western blotting of LexA and TEV. (a) Baseline levels of LexA.
Strains containing the four LexA variants were grown to mid-log phase, then spun
down and lysed. LexA concentrations were then analyzed by Western blotting with
α-LexA. (b) Synthetic circuit components after ATc addition. ATc was added to the
mid-log phase culture of lexAtev S119A across a range of concentrations, and aliquots
were drawn after 10 and 60 minutes for Western blot analysis. The same volume of
culture was added in each lane (~1.5X-1.7X as many cells at 60 min relative to 0 min
by Bradford analysis). Western blots are shown probed with α-MBP to detect the
expressed MBP-TEV fusion or α-LexA to track LexA degrada-tion. The smaller
NTD fragment was not detected on the α-LexA blot, suggesting that TEV-cleaved
LexA is readily degraded.
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Figure S8. UV survival and mutagenesis in a sulA + strain. Mid-log cultures of strains
containing LexAtev S119A in a sulA and sulA+ background were exposed to various doses
of UV light. (a) Viable colony forming units were determined under each condition and
the fraction survival was determined relative to the unexposed cells. Error bars represent
SEM from at least 3 independent replicates. (b) One hour after exposure to UV light the
strains were plated on selective rifampin-containing media and the number of resistant
colonies was quantified relative to an undamaged population of cells plated on nonselective media. Error bars represent the SEM from at least 3 independent replicates.
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Figure S9. GFP reporters for synthetic circuit activation in strains with the recA730
allele. Strains either with a recAWT allele or the constitutively active mutant recA730
allele were evaluated for GFP expression from the PrecA-GFP reporter plasmid one hour
after exposure to ATc (0.02 μg/mL). Shown are representative histograms of single-cell
GFP fluoresence for untreated (light gray) or treated (dark gray and orange) cells.
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Supplemental Material for Chapter 3.

Figure S10. Survival with a delayed SOS response across UV doses. Cultures were
exposed to either 30 J/m2 (a) or 70 J/m2 (b) UV light before survival curves were
obtained as in Figure 9.

104

Figure S11. Deletion of SOS effectors and the effects on survival. Survival curves
were obtained for strains with deletions in either the uvrA (NER) or dinB (TLS) genes, as
in Figure 9.
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Figure S12. SOS filamentation following a delayed SOS response. (a) Flow cytometry
for the 1.5 hr SOSdelayed condition from Figure 10 gated by degree of light scatter reveals
two distinct cell populations. (b) Representative fields of SOS delayed cultures viewed by
light microscopy reveal the extent of filamentation 2 hrs after ATc was added at the listed
time point. (c) Quantification of the fraction of cells capable of the SOS phenotype of
filamentation and division 2 hrs following addition of ATc in an SOS delayed culture.
106

Figure S13. Activation of a non-SOS promoter following UV light. An analogous
experiment as to Figure 10 was performed in the LexAtev S119A strain instead containing a
GFP reporter for the lac operon. After exposure to UV light, cultures were incubated until
the time point shown before IPTG was added, and cultures were analyzed by flow
cytometry after 1.5 hrs of growth. Shown are representative single-cell GFP histograms
of either uninduced (grey) or IPTG-induced (teal) cells.
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Figure S14. Effects of carbon-energy availability on the impact of delayed SOS
activation. Cultures were grown to mid-log phase in nutrition supplemented minimal
media before spinning down and resuspending in either glucose-only (a) or casamino
acid-only (b) minimal media immediately before exposure to UV light and survival
curves were obtained. (c) Growth curves were obtained for cells grown in the four listed
media conditions following exposure to 50 J/m 2 UV light.
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